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Abstract

The compound "CXASFS" was prepared and characterized by X-ray
diffraction and X—ray absorption, The X-ray absorption studies show
the presence of As(III) and As(V), and the As-F bond distances are
consistent with AsF3 and Ang, and not with gaseous ASFS. These

findings are consistent with the known oxidation half-reaction:

3ASF, + 2e —» 2ASF

5 6 + AsF

3
The equilibrium lies toward the right, although in a fully saturated
compound "CSASFS"s the reaction may not go to completion as
CZ%(ZASFE, AsF3), but may contain some neutral AsFg. A proposed
solution to the identity of this "AsF5" is given.

To corroborate these findings, CgAng and CZOSFE were syn-
thesized. The CxAsF6 and numerous standard arsenic-fluorine com-

pounds were studied by x-ray absorption. Magnetic susceptibility of

CéOng confirms the high degree of oxidation in this compound.
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X-ray absorption studies were begun to determine the species present
within the graphite when BrFé or GeF4 + F2 are added. In the BrF3
case, Br2 is evolved and only Br(III) is present in the graphite. This

result is consistent with the oxidation reaction:

48rFy + 3 — 3BrF, + % B,

In the germanium case, all germanium is Ge(IV), and is probably
2

Gng or Gng .

An impressive correlation of some fifty reactions of various
halides with graphite with their gas phase oxidation strength§ is giveh.
These oxidation strengths are calculated using a Born-Haber cycle and
Kapustinskii's equation for lattice energies. Only those halides which
have an oxidation strength greater than approximately 110 Kcal react
with graphite at room temperature to form intercalation compounds.

This correlation supports the model that formal oxidation or reduction
of the graphite is required to form the intercalation compound.

The binary phase diagram XeFZ:XegAng was investigated by melting
point determination and Raman spectroscopy. This mixture near 1.3:1
forms a kinetically stable glass at room temperature and is molten at
50°C. Several new species or phases are observed in the Raman spectra.

These species have been assigned tentative structures based on compar-

ison with known phases and their appearance in the phase diagram.
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CHAPTER 1

The Reactions of WF,. and OsF,. with Graphite

6 6
Salts of graphite in which stable anions are intercalated in the

galleries of the graphite have long béen known. However, the charac-
terization of the intercalated species, except for chemical analysis,
has rarely been performed. The series of transition metal hexafluo-
rides W to Pt provide a unique system for studies of the reactions
with graphite. There is a monotonic increase in the oxidizing ability
of the hexafluoride to make the anion. The changes in magnetic prop-
‘erties of the neutral and anionic species are well established. The
magnetic properties of the intercalated species can be used to charac-
terize the degree of oxidation of the graphite by the identification
of the intercalated species. The similar size of the species elimin-
ates size differences from being a significant factor in the properties
which differ among the hexafluorides. In this chapter, the reactions
of WF6 and OsF6 are reported, as well as magnetic and X-ray crystallo-
graphic results.

The Reaction of WF,. with Graphite

6
Pure WFg (from Matheson) was distilled at -22°C, and found to

contain no infrared active impurities. The WF6 was condensed onto
graphite and kept at room temperature for 8-48 hours. The graphite

(density 2.25 g/cc) floated on top of the WF. (density 3.44 g/cc)

6

and did not react. The graphite recovered after removal of the WF6

was grey and the powder pattern was identical to the pattern of the

initial graphite. The failure of WF6 to react is consistent with



its relatively low oxidation strength (80 kcal/mole) compared with the
other third row transition metal hexafluorides. These results are
confirmed by French workers.2

The Reaction of OsF,. with Graphite

6
The reaction of OsF6 with graphite was performed because OsF6

is a stronger oxidant than WFGB OsF6 was prepared by fluorinating
the metal powder (99.9 percent, Orion, Huntington Beach, CA) in a pfe—
fluorinated monel bomb for two days at 250°C, removing all volatiles
at -78°C, and then distilling at room temperature into a prefluorinated
monel can. The OsF6 was pure by its infrared speétrum and showed no
OsOF5°

The powdered graphite was heated at 100°C overnight at dynamic
vacuum, and then heated under dynamic vacuum with a torch until the
quartz tube was glowing red. This final heating was continued until
the graphite failed to jump about and the pressure failed to rise above
50 microns. The yellow OsF6 was condensed onto KF or CsF to remove
any trace HF, and then condensed onto the graphite. Sufficient OsF

6
was condensed so that a solid was present at all times. The OsF. was

6
removed after five to twenty-four hours, the entire container and
contents were weighed, and the samples were removed to the Drilab.

In Table 1-1 are given the fesu1ts for several preparations. The
elemental analysis for carbon, hydrogen, and nitrogen was performed by

the analytical services within the department. The carbon analysis

gives a more consistent stoichiometry near C8OSF6 than does the



gravimetry. However, a problem arose in the C, H, and N analysis be-
cause a sizable amount of nitrogen was seen. As much as one "Nz" was
seen for each OsF6 present. For a CBOSFS stoichiometry, there is

not sufficient room within the galleries to contain any nitrogen.

The initial graphite contained no nitrogen. In order to test the
analysis, a sample of SFQOSFE — which had been handled in the nitrogen
atmosphere of the Drilab — was analysed and showed no nitrogen.

A mixture of graphite and SF +Ong was then analysed and nitrogen

3
appeared. Apparently in the analysis, "nitrogen" is analysed at the
end of a long train by gas chromatography. The final signal has been
calibrated for nitrogen and is always presumed to be nitrogen. In the
combustion of the graphite compound, carbon fluorides are formed which
pass through the train and are detected as nitrogen. There was no way
to correct for this lost carbon, although estimates showed that it was
small relative to the percent carbon analysis (24 percent carbon as
compared to about 1 percent carbon being in the "6 percent nitrogen").
Because carbon fluorides have a larger heat capacity than N2, the gas
chromatograph would detect more "NZ" than was present as CF43 Be-
cause the percent carbon in CF4 is less than that in the intercalation
compound, the percent carbon given here is an upper limit on the amount
of carbon. This upper 1limit is established by taking the percent
nitrogen and multiplying by the weight percent carbon in CF4. Within

the errors of the carbon analysis, these samples are all C80$F6.
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The stability of these compounds to heating provides a qualitative
test for the degree of oxidation. The sample CBBSSOSFG was heated
to 150 and 200°C while being pumped intermittantly under vacuum to see
if any OsF6 could be driven off. There was no significant weight
loss over the ten hours of the experiment. This experiment supports
the contention that no neutral OsF6 is within the graphite. OsF6

cannot be removed from the graphite upon pumping.

The Reaction of OsF. with Graphite in wF6

Earlier work had used WF. as a solvent for the OsF6 reaction,

6
The reasoning was that wF6 does not intercalate, so that only OsF6
ought to intercalate. NFG was condensed onto graphite at -196°C,

and then OsF6 was added. The mixture was allowed to warm to room
temperature. Within one hour, the graphite which had been floating on
top of the solution had sunk to the bottom. The samples were left for
seven to thirty-six hours, and then all the volatiles were removed at
room temperature. Table 1-1 gives the gravimetric stoichiometry
assuming only OsF6 was the intercalated species. One other sample

was run in Teflon-FEP tubing rather than in quartz. This sample
indicated an unreasonable weight gain, which was later shown to be
wF6 soaking into the FEP wall.

While the assumed stoichiometries give little indication about the
amount of WF6 which might be present, two important features arise
from this work. First, the samples sank within about one hour.
McCarron later showed that the MF_ ions which are present within

6
the graphite stage as ClZnMF6° WFG has a density of 3.44, and



carbon has a density of 2.25. A ClZOSFG would have a density of 2.93
g/cc based on a carbon-carbon interplanar distance of 8.04 A. C80$F6
would have a density of 3.94 g/cc. Since WF6 has nearly the same
molecular weight as OsF6, these densities are within two percent of the
"CwaG" hypothetical compounds also. The impressive point is that on
these powdered samples, the material reached beyond a first stage ClZMF6
composition within the hour. The intercalates would sink near a composi-
tion ClOMF6° The hexafluorides enter the graphite rapidly.

The second significant point from this work comes from the deter-
mination of the degree of oxidation in these intercalates. This
determination can be made by comparing the magnetic susceptibility of
the C805F6 compoundsbmade from OsF6 alone with the CXMF6 compounds
made in WFg. Figure 1-1 compares the magnetic susceptibility of CgOsFg
with SF;OSFE . Clearly, from the parallel slopes of the lines, the mag-
netic moments of the compounds are virtually identical. Two different
samples of CgOsFg gave moments of 3.49 and 3.50 Bohr magnetons compared

to the 3.44 and 3.46 Bohr magnetons of SF§OSFEQ3 The intercalation

compound can be characterized as CQOSFE.

The antiferromagnetic tail observed in the graphite compound below
16 K is of some interest. While the close packing of Ong within a
gallery may provide for some magnetic exchange, an alternative mechan-
jsm called the RKKY (Ruderman, Kittel, Kasuya, and Yosida) interaction

is possible.4

In this mechanism, one magnetic moment polarizes the
conduction electrons nearby. This polarization of electrons leads to

an oscillatory polarization of the conduction electrons as one moves



away from the first ion. A second ion feels the polarization in its
neighborhood. Depending on the distance from the first ion, the second
jon will sense either a ferromagnetic or antiferromagnetic interaction
with the conduction electron polarization. By the mechanism of the
conduction electrons' polarization, one magnetic ion is coupled to
another ion either ferromagnetically or antiferromagnetically. While
the distance between osmium sites is 4.92 A within a plane, the distance
from an osmium to the graphite = electrons if 4.0 A or less. The closer
approach of the osmium to the graphite may support the contention that
the osmium exchanges with the conduction electrons rather than directly
with neighboring ions. The SF§OSFE shows no such magnetic coupling,
which is consistent with its lack of conduction electrons. Studies of
other magnetic ions within graphite, and with different spacings between
the ions within a gallery, might show whether this RKKY mechanism is the
source of the magnetic exchange. The graphite system provides a unique
opportunity to look at isolated molecular ion magnetic moments in an an
isotropic conduction electron media.

The degree of oxidation in the CXMF6 compounds can now be deter-
mined. The compound “C1105F6" was made from a mixture of WFS and OsF6°
There was insufficient WF6 to form a visible liquid during the reac-
tion. The composition quoted above comes from a carbon analysis done
three months after the synthesis, and the magnetic susceptibility was
done four months after synthesis. Thus, some WF6 may have come out
of the sample, and one can presume that not much moreWF6 came out

within the month's time. The moment observed was 3.16 Bohr magnetons,



which indicates about 80 percent OsFg and 20 percent WFg. The compound

, -
is C55 (4OsF6, WF6

sample "C8 55OSFG" was made in liquid wF6. It had a moment of 2.42 BM

), and thus, has a CIa degree of oxidation. A second

and is thus only 50 percent Ong. This implies a CI8 degree of
oxidation. Lastly, a third sample of "C1005F6" gave 50-66 percent
OSFE, and thus has a degree of oxidation of CZS to CZO. It is
interesting that all three samples given here end up with degrees

of oxidation 014 to Cgo. Perhaps insufficient OsF6 was added to go
beyond this degree of oxidation in these samples. It may well be that
the compounds formed are the kinetically stable forms when WF6 is
present to occupy the space. The activity of OsF6 may be less when

it is diluted in WFG. For whichever of the three reasons, the pres-
ence of wF6 in the compounds has been clearly shown. It is also note-
worthy that in these compounds, no magnetic exchange was evident at Tow
temperatures. Apparently the WFé molecules separate the Ong suffi-
ciently so that no exchange occurs. This evidence supports the argu-
ment that the coupling of OSFE moments in the saturated compounds
CéOng is a direct ion-ion interaction and is not coupled through

the conduction electrons. However, if disorder of the ions is pres-

ent, then the conduction electron mechanism would not appear either,

X-Ray Diffraction Results of C:OSF6

To further confirm the structure CgOsFE, X-ray diffraction experi-
ments were performed. Powder patterns were gathered from pyrolytic
graphite samples listed earlier. Precession photos were taken using

monochromator graphite (Union Carbide) or graphite single crystals



isolated from marble found in the Santa Lucia mountains near Carmel,
California. The chips of graphite from the monochromator graphite were
made by cleaving them with a razor blade. The monochromator chips were
reacted in gquartz vessels for several hours, and then loaded into quartz
capillaries in the Drilab., The crystals were mounted in quartz capil-
laries between pieces of quartz wool. A piece of Teflon FEP tubing was
molded around the capillary neck and helium leak tested. The FEP was
then attached to the vacuum line with Swagefock. OSF6 was added to
the crystals fdr three to 24 hours. This time was presumed adequate
since, in WFG, a composition ClOMF6 was reached within an hour. Table
1-2 gives a summary of the X-ray results. |

Due to the disorder of the graphite from one plane to another, the
pyrolytic graphite and monochromator graphite showed no ab plane order.
Precession photos showed rings in the ab plane. The only prominent
lines in the powder patterns or precession photos were the (00L) lines.
In all cases, the strong lines are for L=1,2,4, and 6. This pattern is
consistent with a structure factor analysis placing the Os on the mid-
plane between the graphite, and the fluorines at #3/8. (For fluorines
with a radius of 1.33 A, the center of the fluorines must be 3.0 A from
the carbon layer.) For cases where WF6 was present, all the data show
¢ to be 8.02(7) A. In the cases C,0sFg where x > 8.2, c=8.06(3) A.
For the single case where x=8.00, the ¢ value drops to 7.80 A; In the
monochromator work, the c¢ axis angular distribution was sizable, due
either to the graphite itself or to mechanical bending of the piece

upon cleaving. These spots were larger in breadth and thickness, and



therefore would be more susceptible to errors in measurement. Another
source of error was from misalignment of the chip, because the ab plane
gave no orientation criteria. However, all measurements showed 8.05(5) A.

The single crystal work was the most definitive. The crystals were
exposed to the OsF6 for three or more hours, and the crystal was pumped
briefly and sealed in the capillary. The ab plane showed distinct
spots rather than rings. The photographic spots were smaller and had
less angular spread than the monochromator chips.

The c axis in both crystals showed 7.75(5) A, with L=1,2,4, and 6
being the priminent reflections. No intermediate spots, indicating a c
of 15.50 A were seen on (OOL) or (HOL) reflections. Apparently the
graphite planes lie directly above one another. This is a significant
structural development., If the graphite planes were oriented to fit
tightly with the three neighboring fluorines of the MF6, then one
layer would be slipped relative to another as in graphite. This
slipping would double the observed c, but was not observed. That the
graphite planes lie directly over one another implies the graphite
layer does not organize with respect to the fluorines. The c axis
contraction from 8.05 to 7.75 A as one approaches a CBOSFG composition
has also been observed in the C8AsF6 situation. The contraction of the
spacing must be due to the enhanced coulomb attraction of the positive
carbon for the negative ion,

The (HKO) photographs showed a clear hexagonal set of spots with
3=4.,92 A, which is twice the graphite 3. This spacing is seen only if

the reaction is stopped after three to six hours and the photographs
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are taken immediately. At room temperature, the hexagonal array of
spots at (100) broaden and eventually form a diffuse ring within

24 hours. The spots at (200), which are the (100) of graphite, always
remain sharp due to the graphite lattice although they grow much weaker
in intensity (Fig. 1-2). The best photographs were attained by reac-
ting a crystal for three hours, and then immediate]y cooling the sealed
evacuated capillary to -40 C. Photographs were taken over a week while
keeping the capillary cold (-40 C) with a stream of cold nitrogen.
Rather than disordering within 24 hours, the crystal remained ordered
for over a week. Upon warming, the crystal disordered quickly and
irrereversibly. Only by cooling can the a=4.92 A spacing be seen, which
corresponds to a CSOSF6 unit cell.

This disordering explains why the powder patterns only showed OOL
lines., This behavior is consistent with the graphite planes not regis-
tering with the ions because the graphite cannot Tocally distort to fit
with the disordered ions. This disorder of the ions may explain why
the graphite planes lie above one another. This disorder may well be
more common in the graphite intercalation cbmpounds. There are several
reports in the literature where a "single crystal" study shows an
a=2.46 A, and yet the unit cell volume cannot hold the molecular unit.
This error could be explained by a disorder of the molecular species,
which left diffraction spots from the graphite planes. A similar dis-

ordering was observed in the C8A5F6 crystals.
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Table 1-1. Compositions of C:OSFG

Gravimetric Composition from Analysis Magnetic Moment

Composition - C H N Stoichiometry (Bohr magnetons)

"C803F6“ 24.0 0 0

"C, 40sF." 23.0 0.1 6.72 C OsF 3.49 (after

7.877°6 ‘ 8.2477° 6 heating)

C OsF N 3.54 (before
8.55 ’6 2.08 heating)

"C896405F6" 23.2 .16 4.41 C7°9505F6 3.50
Cg.1305F N1 .32

"C OsF " 23.5 0.1 6.48 ¢C OsF 3.40 (sample

12.376 8,196 was not strong

C OsF antiferro-
8.517°°6°2.0 magnetic)

"C1094OSF6" no analysis done none

Compositions of CXMF6 from OsFO6 in WF6

B 1] +4

C9°3505F6' 28.3 .16 6.78 C53(403F6 NF6) 3.16
C11.0%F6N2 .26

: + -

'C12.705F6" | 24.8 .23 1.79 C17OSF’6 wFG 2.42
Cg.5505FgNg 53

8 " 3 +7 -

C10.2505F6 no analysis C103705F6 3wF6 2.94

sample had sunk

"C7,205F6" no analysis done none
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Table 1-2. X-Ray Diffraction Results

Powder Pattern Results

c-spacing 0oL
Composition (angstroms) L=_
Samples from WFg
+4 -
(353(405F6 . NF6)
C170$F6 - WFg 8.00 1,2
"C10.250sFg" 7.98 1,2
"Cy ,o0sFg" 8.1 1,2,4,6

Samples from OsFg alone

Cg,240sFg 8.08 1,2,4
C7.,950sFg 7.80 1,2,4,6
Cg.190sFg 8.05 1,2,4
"C10.40sFg" 8.06 1,2,4

Precession Photographs

Monochromator chips

"C10.405Fg" 8.10 1,2,4,6
Chip "I" 25 C 7.98 2,4,6 (001) 1is hidden
(made from WFg) by the beam stop.
~100 C 7.93 1,2,4,6 |
Chip 25 C 8.04 1,2,4,6
-100 C 8.00 1,2,4,6

(continued)
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Table 1-2 (continued)

Single Crystals

Crystal R

Crystal "5" = Polaroid
(kept at X-ray film
-40 C for

one week)

c-spacing 0oL
7.75 2,4,6
7.75 1,2,4
7.75 1,2,4,6

a spacing

5.0 Spots are very
broad

4.97 (5)
4.95(3)
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Flgure 1-2

Loss of HKO Order Qver 24 Hours of CgOng

One hour
after reaction

24 hours
after reaction

8 hours
after reaction

XBB 801-13922
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CHAPTER 2

(;ASFB' Synthesis and Characterization

Introduction

The most significant portion of this research was based on the
synthesis and identification of the intercalated species in "CXASFS".
Selig and coworkers first prepared a "ClOAsFS" by reaction of AsF5 gas

with graphite.l

They presumed that the neutral AsF5 molecule was
present within the gallery. An entire theory had grown which supported
the presence of neutral molecules (Lewis acids) within the graphite
ga11eries,2 When the group at the University of Pennsylvania claimed
in 1976 that the conductivity of CXAsF5 was as high as copper, a

great interest was taken in this compound.3 How could neutral molec-
ules lead to such a dramatic increaée in conductivity? A wealth of ex-
perimental techniques were employed to determine the electronic proper-
ties of this compound,4 The Lewis acid theory so ddminated the think-
ing that no one looked at the chemical identity of the species present
within the graphite. The graphite literature has only a few simple
cases where the chemical species present within the graphite was con-
clusively identified. Most researchers perform elemental analysis, and
see the stoichiometry is nearly identical to the starting species. For
instance, in "CnAsF5," the As:F ratio is 1:5. This identity has lead
researchers to assume that the intercalated species is the initial
reagent.5 This assumption can be flawed, and work in this lab has

shown conc]usive‘lyﬁ that the oxidation reaction:
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3AsF. + 2¢ —= ZAsF6 + AsF3

5

occurs in the reaction of graphite with AsFg. This proposed reaction
would oxidize the graphite and place the Ang (and ASFB) within the
graphite. Holes created in the valence band would be thg principle
charge carriers for the enhanced conductivity. This half-reaction would
still allow for an arsenic:fluorine ratio of 1:5. Earlier antimony
Mossbauer work of graphite with SbF5 showed Sb(V) and Sb(III),7 pre-
sumably made in an analogous oxidation reaction. This proposed reaction
has stirred a vigorous discussion of the chemical and electronic charac-
terization of the graphite-AsF5 compound.

In the next two chapters, the synthesis and characterization of
"C AsF -

" and C:AsF‘ will be discussed. The synthesis of CxAsF6

5 6
from OZAng provides a parallel compound to the CxAsF5 compound.

Both compounds are expected to have Ang ions present, and a direct
comparison can be made. In a following chapter, the utility of X-ray
absorption spectroscopy in identifying the species within the graphite
is described.

Synthesis of Czﬁgﬁg

The synthesis of CxAsF6 was performed in the following routine.

The graphite powder was prepared and heat treated as described in the
CBOSFG case. The salt OZASFE was synthesized by photolysis of a
stoichiometric mixture of 02, F29 and AsF5 in a five liter pyrex

bulb. The salt was added to the graphite in the Drilab, and the solvent
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SOZC1F (Ozark Mahoning) was condensed into the tube. The sample was
kept at -63 to -78°C for one to three days. The tube was then wérmed
and the solvent was removed. The entire assembly was weighed in order
to determiné the weight uptake of ASFE and taken into the Drilab.

Table 2-1 gives a summary of the experimental conditions and results.
The composition was determined by weight uptake and by carbon analysis,
which presumed the remaining weight percent was Ang.

Several synthetic details arose during these reactions. First, the
elemental analysis frequently showed 1.5 percent nitrogen, even when
the sample was handled under a helium atmosphere. As in the OsF6
case, this "nitrogen" is apparently volatile carbon fluorides which are
detected as nitrogen. Less "nitrogen" was seen in CXASF6 than was
seen in CXOSFB’ so that a small correction was necessary. Second, in
the OsF6 case, WF6 appeared to cointercalate. In these cases with
SOZC1F, an insignificant amount of sulfur (0.19 percent) was detected
in the C8.17ASF6 sample. However, a sizable percent chlorine (2.79 per-
cent) was detected. This "chlorine" is presumably a product from the
fluorine given off in combustion. The inability of SOZC1F to cointer-
calate is apparently due to the slightly larger size of the chlorine
compared to the fluorine. One might have expected the pseudo-tetrahedral
502F2 to be the same thickness as a hexafluoride, and therefore it would
cointercalate. The SOZC1F would be slightly larger than SOZF29 and prob-
ably is too large. Only if the S-CT bond were parallel with the a-axis

would 50201F present a minimum thickness, but the constrained orienta-

tion may not allow the molecule sufficient motional freedom to diffuse
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through the galleries. The greater thickness of 502C1F compared to ASFE

prevents the cointercalation of SO,CIF.

2

The third factor in the synthesis is the reaction of the solvent
SOZC1F with the O;ASFE‘ There was an unidentified impurity in the
solvent which formed a very deep purple color at low temperature (-63°C)
when the salt was present. This impurity could be removed by reaction
of the solvent with the salt at room temperature. The clean solvent
could then be distifled after removal of other volatiles such as SOZFZ‘
Roughly half of the reactions listed in Table 2-1 used the purified SOZCYF.
The production of SO0oF2 and other volatiles comes from the reaction of
O;ASFE with SOZC1F near room temperature. No reaction was observed by
Biagioni and Bartlett below -63°C. By warming the solution near room tem-
perature, one could remove excess salt by reaction with the solvent. In
all cases here, the synthesis of the graphite salt was performed at -63°C
or below. However, the carbon:AsFg ratio of the graphite salts are al-

ways greater than the initial ratio of carbonzogAsF6 One could only

reach 08A5F6 by having an excess of OZAnga By following the evolu-
tion of oxygen, one could see that a C8AsF6 composition was reach.
Only by destroying any excess OZASFG by warming the solution could a
C8A5F6 compbsition be isolated. No OZASFE remained in the powder pat-
terns of the graphite samples. The discrepancy between the final car-
bon:Ang ratio and the initial reagent ratio must be due to some small

amount of solvent reaction at these low temperatures, and to errors

in the carbon analysis due to formation of volatile carbon fluorides.
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X-Ray Diffraction Results

The X-ray diffraction data for samples of C:Ang are given in
Table 2-2. A1l powder diffraction showed the c-spacing to be 7.80 A to
be indicative of a first stage compound. No hint of a second stage com-
position, nor a hint of a c-axis superlattice was seen. In all samples,
the d-spacing 2.13 A (100 of graphite 3;2,46) was seen. In two samples,
C12°5A5F6 and C11005A5F6, a line at 4.26 A was seen which indicates 100
of a hexagonal a=4.92 A. No other hkO Tines were ever observed in the
powder data.

These parameters presented a puzzle. First, one rarely saw any a-
axis lines except lines which can be attributed to the graphite planes.
The failure to see a larger unit cell must be due to disorder of the in-
tercalated ions. Second, it is curious that in the two samples which
showed an a=2.46 A, (which is indicative of a C8MF6 unit), their composi-
tions were near C;,AsF.. No lines were ever seen for an a-axis dis-
tance of 6.02 A, which would be the hexagonal unit for CipAsFg. Third,
the thickness of a rigid octahedral Ang is expected to be 2(1.33 +
1.7/ 3)=4.65 A. When the graphite sheet thickness 3.35 A is added on,
the c-spacing is predicted to be 8.00 A. The experimental c value is
approximately 0.20 A shorter than predicted.

To further determine thevunit cell, X-ray precession photos were
used. Two pieces of monochromator graphite were reacted with OgAng,
mounted in quartz capillaries, and sealed. Because this graphite is
"well ordered" pyrolytic graphite, the ab plane is disordered, and rings

are seen in the hkO plane. In cleaving the chip, some distortion of the
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graphite occurred, which appeared as a distribution of c-axis angles.
This disorder and distortion makes orientation of an ac plane photo more
difficult. Both samples may be slightly aligned, so that the c-spacing
can be in error by #0.05 A. In chip C, it is apparent that one has a
mixture of second and third stage. It is also noteworthy that this mix-
ture would predict a first stage thickness of 8.00 A, rather than the
7.80 A. No HOL spots were observed. The monochromator work gave no
significantly new information from that of the powders.

More information was garnered from the single crystal graphite work
on the precession camera. The crystals were reacted in quartz tubes
with an excess of OgAng in SOZCIF. The crystal was removed in the
Drilab, mounted in a quartz capillary, and sealed. A1l crystals showed
a distinct array of "éraphite" hk0 diffraction spots indicative of
352.46 A. However, two crystals showed larger spots at 4.26 A indica-
tive of an a=4.92 A. These spots are weak, against a strong diffuse
ring. As in the OSF6 case, these spots become more broad and diffuse
while the photos are being taken. One possible interpretation of this
loss of ab plane order is that the crystals are not at the limiting
C8AsF6 composition. At a lower composition of AsF_., there are voids in
the ab plane which are disordered. This disorder destroys the long range
ordered array of Ang which one expects in CBASFE' To test this idea,

a crystal (Z) which was disordered after the first reaction, was reacted
again with OZAng. One could expect that the crystal, after the sec-
and reaction, would be CgAnga

The diffuse ring remained after the

second additional reaction. This experiment shows that the C8AsF6 is
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disordered just as the CBOSF6 is disordered. This disorder problem pre-
vents one from ascribing the unit cell parameters a=4.92 and c=7.86 A as

the unit cell of the final product.
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Table 2-1. Summary of Synthesis of CyAsFg

X of CyAsFg mmoles of Conditions of
from C,H,N + - + -

Gravimetry analysis  carbon  0,AsFg  C:02AsFg Synthesis

10.9 none 8.73 0.860 10.15 -78°C, 2 days

5.33 7.84 9.89 1.72 5.75 -78°C, 3 days
based on :
amount of
02 evolved

64.7 11.05 8,975 1.13 7.94 -78°C, 2 days
9.57 is '
based on
07 evolved

15.4 11.5 7.28  0.927 7.85 -63°C, 1 day

11.1 7.78 6.125 2.26 2.70 -63°C, 2 days
based on SOoCTF was
C,H,N. warmed for 10
8.17 based hours, and more
on C,H,N, fresh solvent
S,C1 was added,

15.0 none 3.81 0.658 5.79 —78°C, 1 day

14.8 12.5 20.37 3.196 6.37 -63°C, 2-1/2

days used for
EXAFS
13.6 11.93 10.09  1.357 7.43 -63°C, 3 days,

used for EXAFS

10.8 (made from Cyqg.gAsFg + F2). The weight uptake of Fp
implied the sample may be Cyg,gAsFg * 1/4F2. This sample was sent
for EXAFS.
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Table 2-2. X-Ray Results of CyAsFg

Powder Pattern Results

Composition c-spacing EOL reflections
"C10.9AsFg" 7.82 1,2,3,4
C7.84AsFg 7.76 1,2,3,4
C11.05AsFg 7.76 2,3
C11.,5AsFg none collected
Cg.17AsFg none collected
"Cy5AsFe" none collected
C12.5AsFg 7.75 1,2,3,4
C11.93AsFg 8.04 2,3,4

7.80 1,2,3, 5

Monochromater Chips

Chip E 7.82 2,3,4,5,6 (001 is
' blocked,
(005 s
very weak.)
Chip C 2nd Stage 11.32 4,6,7
3rd Stage 14.67 4.8

(continued)
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Table 2-2 (continued)

Crystal N
(5-6 hours
at -63 C)

Crystal V
(3 days at
-63°C)

Crystal Z
(3 days at
-63 C)

Single Crystal Data

c-spacing

7.96(5)

8.01

7.86

L=
1,2,3,4,6

a-spacing

4.92 (100 spots
are faint
against
background)

1,2,3,4,5,6,8 4,92 (100 spots

(005 and 008
are weak)

2,3,4,6

are faint
against
background)

Only a bright
ring near
a=4.92. The
addition of
more Op*AsFg~
left the same
ring.
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CHAPTER 3
The Synthesis and Characterization of "CXASFS"

Synthesis of "CvAst"

The synthesis of "CXASF5" was performed in the following rodtine.
AsF5 was purchased from Ozark Mahoning and purified by pumping on the
solid at ~-196°C to remove any fluorine, followed by distillation at
-86°C to remove AsF; from any AsF,. No infrared active impurities
were observed. The graphite was prepared and heat treated as described
in the OSF6 case. A pressure of AsF5 was let into the vacuum line,
énd then expanded into the quartz tube. On one occasion, the AsF5 was
was condensed into\the quartz tube above the graphite, and allowed to
expand up to the pressure gauge. The reaction was generally run for 1-2
days, and then the AsF5 was removed by brief (~30 second) pumping of
the sample at room temperature. The samples were then taken into the
Drilab. A summary of the experimental conditions is given in Table 3-1.

One apparent synthetic characteristic is that, if the final pressure
of AsFg is below one atmosphere, then the Timiting composition CgAsFg

is not reached.1

At a pressure of 150 torr of AsF5 and a molar ratio
C/AsFg of 16/1, CygAsFg is found. Carbon, hydrogen, and nitrogen
analysis always gave a higher percent carbon than did the gravimetry.
Because the small sample was at vacuum or over NZ/Ar for several
hours, some intercalant could diffuse out. Therefore, the gravimetry

is a more accurate measure of composition at the time of preparation.

The molecules Ang and AsF3 are in equilibrium with AsF5 and the AsF5
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content must be greater at "CSAst" than at "C16A5F5"° The removal of
AsF5 under vacuum may well represent this neutral AsF5°

The x-ray diffraction data fof these compounds is given in
Table 3-2. The apparent c-spacing of the powder patterns is 8.05 A.
For second and third stage CXASFG’ subtraction of 3.35 A and 6.7 A
respectively from the c-spacing yields a value of approximately 8.0 A
for the gallery height to be associated with a ClesF6 occupancy. This
spacing (8.05 A) is greater than the 08A5F6 gallery spacing (7.9 A) but
one anticipates that the more highly charged carbon CgAng will result
in a shorter c-spacing than in ClesF6e In any case, this spacing
is consistent with Ang being the species which determines the gallery
height. We can allow that neutral AsF5 could pack as truncated octahe-
dra into Ang. This truncation represents a considerable distortion
from the ground state D3h trigonal bipyramidal geometry of gaseous AsF5
to a C4V square pyramidal species. Fluorine NMR data for AsF5 liquid
shows that intramolecular rearrangement is facﬂe.2 Such rearrangements
probably involve a square pyramidal ASF5 as an intermediate.

X-Ray Diffraction Results

The most informative X-ray structural data was the single crystal
diffraction data. Several graphite single crystals were mounted inside
quartz capillaries, attached to FEP as in the OsF6 reactions, and re-
acted with Aste Table 3-2 gives the pertinent data. On all crystals

where the AsF5 was pumped off briefly before sealing, the crystal
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showed a mixture of first and second stage. In order to maintain a
first stage compound, an excess pressure of AsF5 had to be maintained
over the crystal. The crystal was reacted with 1500 torr AsF5° The
crystal was then cooled to -63°C, in order to siow any removal of in-
tercalant while the A5F5 pressure was reduced. A small amount of
AsF5 was condensed into the bottom of the capillary, and the capil-
lary was sealed. The amount of AsF5 remaining in the capillary was
estimated to create about 3 atmospheres pressure at room temperature.
Both crystals prepared in this manner appeared similar. Because one
crystal had sharper diffraction spots in precession photos, further
Weissenberg diffraction photos were taken.

The precession photographs indicated that two pseudo-hexagonal
phases were present. In the HOL photos, one sees "10L" spots for a
phase a=4.92 A and ¢=16.05 A and the second phase has a=5.38 A and
c=16.05 (Figure 3-1). In the hkO plane, there appears to be a two-
~fold axis based on the intensity of the hexagonally arranged spots.
This discussion will ignore this possible monoclinic cell, and will
describe the "4.92 A" phase and the "5.38 A" phases in terms of hexa-
gonal units cells. MWeissenberg photos were also taken of this
crystal, based on an orthohexagonal unit cell.

For the "4,92 A" phase, the HKO precession photo shows extinctions.
These extinctions indicate a hexagonal unit cell with a larger than
4.92 R is the more appropriate one for conventional space groups.

Because the proposed half reaction
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3AsF, + 26— ZASFE *+ AsFjq
involves three molecules, the plausible cell would have a = 4.92/3
R=8.52 A. Figure 3-1 shows the plausible idealized arrangement
of ions within the ab plane. The AsF4 is located at (H,K)=(0,0),
while the ASFE are located at (1/3,2/3) and‘(2/391/3)° The fluorines
of the AsF3 must be disordered in order to safisfy this unit cell. This
arrangement places the arsenics in the same positions and at the same
distance as in the cell based on 4.92 A.

Table 3-3 gives thé diffraction spots visable on the HKO precession
photo and the HK1 spots visable on the Weissenberg photos. The spots
are indexed based on the orthorhexagonal unit cell, the hexagonal
a=4.92 A unit cell, and the hexagonal a=8.52 A unit cell. For all
cells, ¢=16.05 A. The orthohexagonal indexing shows the expected
pattern H+K=2n for a C-centered orthohombic cell based on a hexagonal
cell. Looking at the "8.52 A" cell, one can see why the 100 and 200
spots are rigorously extinct, while 110, 220, and 600 are present.

The arrangement of arsenic species allows only H-K=3n to be seen in

the L=0 level. The spots 300 and 410 are not seen in the L=0 level,
but are seen in the L=odd levels. A simple structure factor analysis
shows that the arsenics and carbons do not contribute to the 300vand
410. Since the packing of the fluorines is very similar to the car-
bons, they would be expected to be, at best, very weak. The pattern
with 411 and 301 being present when L is odd does not fit known extinc-

tion patterns. By expanding ¢ to a four gallery height of 32.10 A, one
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has all visible spots obeying (H-K=3n, L=2n). In order to have a four
gallery c-spacing, each of the four galleries must be shifted relative
to one another. This four gallery stacking is known in the C8K com-
pound. This phase thus becomes a=8.52 A and €=32.10 A, and the unit

cell is C.. (8ASFZ, 4AsF

g (BASFgs 4ASF3).

The second phase "5.38 A" is more difficult to define. Weissenberg
photos showed that this phase was probably twinned, which helps to dis-
tinguish it from the first phase, but complicates its interpretation.
Weissenberg photos confirmed precession photos that 11L, 20L, and OOL
have even L, while 10L and 21L have odd L. There is no apparent extinc-
tion pattern visable here, although if a is expanded by V3 to 9.32 A,
and ¢ is doubled to 32.1 A, one has a different extinction pattern from
the previous "4.92 A" phase. The graphite lattice has no 5.38 A dis-
tance, although a distance from one carbon to a distant center of a car-
bon hexagon is 9.32 A. Due to the paucity of spots available, it is
futile to try to state a unit cell dimension.

This lattice spacing (5.38 A) is puzzling. The graphite network
does not have a carbon-carbon distance of 5.38 A. This 5.38 A distance
must be related to the As-As distance, and is most likely the As-As dis-
tance. If two ASFE did not close pack, but have two triangular
faces juxtaposed, the As-As distance would be 5.38 A apart.* An a-spac-
ing of 5.38 A would contain 9.56 carbons, rather than the eight carbons

of an a=4.92 A. Whether the neighboring molecular species to an Ang

*This distance is based on 2 X (1.7 X sin(54.71) + 1.30) = 5.375 A.
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is a non-close packed Ang, an AsF3, or a square pyramidal AsF5 which
is bridging to an Ang fluorine, cannot be determined. It is notable
that this crystral appears to have a mixture of "CBASFS" (which is the
dominant phase) and “C9°6AsF " This crystal cannot have a limiting

5
composition of C8AsF5, although it must be near this composition.
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Table 3-1. Summary of Synthesis of "CyAsFg"

X of CyAsFg

Gravimetry

C,H,N Synthetic Details

Comments

9.49

10.82

7.8

16.2

Large chip
8.7

none Initial pressure was 600 Sent for EXAFS

torr. After about 12 hours
the final pressure was 240 torr.

none Initial pressure was greater Sent for EXAFS

than 1500 torr. Final pressure
was 575 torr. The sample was
pumped intermittently over a
five minute span.

11.5 Initial pressure was 1000 torr. Sent for EXAFS

Pressure was raised until no
pressure drop was seen at

1000 torr. Reaction time was

36 hours. The C,H,N sample was
in a nitrogen atmosphere for two
days before analysis.

20.55 A'stoichiometric amount of Sent for EXAFS

150 torr was the initial
pressure, This pressure
dropped to zero over nine
hours. Pumping time was less
than a minute.

none 1400 torr was continuously Sent for EXAFS
maintained over the sample orientation
for two days. The excess studies.

AsFg was removed at -63°C,
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Table 3-2. "CxASF5" X-Ray Results

Composition c-spacing (A) 00L Comment
L=
Powder Data
"Cq 4gASFs5" 8.08 2 100 and 200 of
7.77 2,3 a=4.92 A are seen.
11.36 2,3,4
"C10.82ASF5" 8.04 1,2,3,4,5,6 Only 1st stage
"Cy gAsFsg" 8.05 1,2,3,4, 6
Single Crystal Precession Photos
(0) 8.12 2,3,4,5,6 Crystal was pumped
11.31 3,4, 6,7,8,9,11
(T) 11.32 2,3,4, 6,7,8,9 Crystal was sealed
with some AsFg.
100 and 200 of
a=4.92 A are observed.
(u) 8.08 1,2,3,4, 6 Crystal sealed with
AsFg
(x) 8.11 1,2,3,4, 6
11.35 2,3,4,6,7,8,9,11

Crystal was sealed
with one atmosphere
AsFg.

(continued)
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Table 3-2 (continued)

"8.03" 1,2,3,4,5,6,8 "a=4,92 A" was related
to this c-spacing in
10L, 20L, 22L.

"16.05" 1,3,5,7,9 "a=5.38 A" was related
to this c-spacing in
10L and T1L

This crystal was also used for Weissenberg photos and
the actual unit cells is discussed later.
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Table 3-3. Parameters of "4.92 A" Phase

Indexing of spots

Orthohexagonal Hexagonal Hexagonal
a=4.92 A a=4.92 A a=8.52 A
b=8.52 A |

c=16.05 A c=16.05 A €=32.10 A
HKL HKL HKL

0 0 2n (n=0-6,8) 00 2n 0 0 4n

4 0 2n (n=0-6,8) 4 2 2n 6 0 4n
11 2n (n=0-5) 102n 2 1 4n
02 2n (n=0-4) 01 2n 11 4n

2 2 2n (n=0-4) 2 0 2n 4 2 4n

2 0 2n+1 (n=0-6) 2 T 2n+1 3 3 4n+2
31 2n+l (n=0-3) 31 2n+l 4 1 4n+2

Spacing of spots

ooL L= 4 8 12 16 20 24 28 32

dA 8.11 4.04 2.67 2.03 1.60 1.34 none 1,003
(Weiss)

dA 8.01 4.06 2.69 2.016 1.605 1.359 1.001
(Pre-
cession)

d A 8.025 4,013 2.675 2.016 1.605 1.338 1.003
(calculated : '
for c=32.1 A)

(continued)



39

Table 3-3 (continued)

HKO

110

220
600
410

d(Weissenberg) d(Precession)
"4,278" 4,20
(based on 020 of broad spot
4.94 A ortho-
hexagonal cell)
2.13
1.23
1.617

(based on 1.647
of 300 portion
of 310 ortho-
hexagonal cell)

d(calculated for

A)

4.26

2.13
1.23
1.61

9._:8 . 52
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Table 3-4, Spacings and Indexing of "5.38 A" Phase of CyAsFsg

Precession Weissenberg HKL a=5.38 A HKL a=9.32 A
photo HKL photo c=32.1 A c=32.1 A
100 8.084

4,77(10) 10 4n+2 4,667 11 4n+2 4.667

200 4,042

210 3.056

2.67 | 2.68 11 4n 2.695 30 4n 2.695
2.36 20 4n 2.333 22 4n 2.333

310 2.242

400 2.021

320 1.855

1.77 21 4n+2 1.764 41 4n+2 1.764
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Figure 3-1
HKO and: HOL Zero Level Precession Photoghraphs

of "C8ASF "

XBB 801-13921
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Packing Within a Gallery Stacking of Four Galleries Along ¢
Proposed Unit Cell for "C8ASF5": a= 8,52 A, e= 32,10 A
XBL 8011-7400A
Figure 3-2
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CHAPTER 4
X~Ray Absorption Theory

Due to the recent derivation of the theory of EXAFS,l the
descriptions of the theory are at several levels of complexity
depending on the audience of the author. In this chapter, an attempt
wil be made to explain the salient features of the X-ray absorption
event and the derivation of the EXAFS equation in qualitative yet
physically significant quantum mechanical terms. This approach will
attempt to skirt between the two poles of a classical mechanics
description (which is easy to visualize) and a rigorous mathematical
calculation (which loses all appearance of physical reality). Certain
aspects of the quantum mechanical theory will be described by parallel
features in other experimental techniques commonly known to chemists.

In any absorption process, whether it be X-ray, UV, infrared, or
visual, the absorption coefficient changes as the energy of the excit-
ing radiation changes. For a technique such as IR, a small change in
energy leads to a rapid change in the absorption coefficient as a par-
ticular vibration mode is excited, and a change in absorption appears
as a peak in an infrared spectrum. In X-ray absorption, dramatic
changes in the absorption coefficient occur as the energy of the X-ray
radiation approachs certain energies characteristic of the particular
element. These characteristic energies are called the edges due to
the dramatic increase in the value of the coefficient. Two distinct
“regions appear as one basses in enerqgy through an edge, as shown in

Figure 4-1, The 10-40 eV wide region at the rise in the coefficient
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is the edge region. The EXAFS (Extended X-ray Absorption Fine Struc-
ture) region extends from about 20 to 1500 eV above the absorption
rise. These two regions occur from similar, but non-identical proc-
esses, and will be discussed separately. Figure 4-2 contains the essen-
tial elements for a description of these two regions.
Edge Region |
Near an X-ray K-edge, excitations from the ls orbital of an ele-~
ment to higher levels occur. This excitation can be visualized as a
transition of a 1s electron to a higher unoccupied orbital. In the
edge region of molecules, these higher orbitals are molecular orbitals.
In quantum mechanics, the probability of a transition is propor-

tional to

2
e dT] (1)

where ¢i and ¢% are the initial and final state wave functions, and

D is the operator characteristic for the transition. In X-ray absorp-
tion, as in IR, D is the dipole moment operator. For a particular
transition to have a finite probabi?ity, the product group theory rep-
resentation must have some A(lg) symmetry. qu a molecule with a
center of symmetry, the initial state ls has A1g symmetry, D has un-
gerade symmetry, and thus the final state must also have ungerade sym-
metry in order to show an absorption. In the literature, this symme-
try requirement is stated by having the final state have p character,

Figure 4-2 shows such a transition to an atomic 4p state.
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In principle, if one knew the molecular orbital symmetry and ener-
gies of the neutral molecule up to the continuum level (E=0 in Figure
2), one could assign particular absorption peak energies to particular
levels and determine whether E=0 was located on the absorption scan.
(This E=0 determination is crucial for the analysis of the EXAFS region,
as described below.) In many cases though, the creation of a +1 charge
in the 1s orbital upon excitation requires that the outer molecular
orbitals change their character-or "relax"- before the electron occupies
the molecular orbital. This relaxation would mix the neutral molecule's
wave functions and shift their energies so as to lose any identity with
the neutral molecule. For instance, the increased core charge would
make an AsF3 molecule's outer orbitals look more like those of an
"SeF3" molecule.* At the present time, there is no sure way to
determine whether the particular absorptions seen near the K-edge are
characteristic of relaxed or unrelaxed molecular orbitals. The nature
of the final states is left ambiguous, no peak assigments can be given
with any certainty, and E=0 cannot be given with any certainty.

However, the peak positions for various molecules do generally
shift in energy as a function of the oxidation state of the absorbing
atom. The higher the oxidation state, the higher the energy of the
principle absorption peaks. While the peaks are rigorously determined

by the particular molecular orbital arrangement of the individual

*Figure 4-3 shows a possible assignment of the AsF3 edge features
using atomic Se(III) state energies.
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molecule, this shifting can be thought of as a 1ls electron being more
tighly bound to the nucleus due to the higher effective nuclear charge.
Similar peaks of molecules of the same oxidation state will often group
themselves into narrow regions indicative of the oxidation state. By
examining several spectra of different oxidation states, one can deter-

2 One

mine what is the energy span of each oxidation state region.
can then determine the oxidation state of an unknown absorber by ob-
serving which region its peak energy occurs.

Along with shifts in energy are shifts in peak intensity as a func-
tion of orientation. When the electromagnetic fieid has a preferred
direction or polarization, orientation dependences are seen in single
érysta] studies using magnetic susceptability or polarization of Raman
spectra. Synchrotron radiation is highly polarized in the plane of the
electrons' orbit. The electric vector of this polarized beam is par-
allel with the dipole vector. The initial state ls is totally symmet-
ric, and thus has no po1qrization. If the orientation of the final
state molecular orbital is spatially orthogonai to the electric vector,
no absorption can occur. By rotating the molecule so that the orbital
has a component parallel to the electric vector, the transition proba-
bility can become finite and the absorption coefficient can grow in in-

3

tensity.” The absorption spectrum can then be described by the equa-

tion

u(e) = ug cos e + uf sin e (2)
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Here, u, and u; are the absorption coefficient scan values over a
given energy range, corrected to a unit sample thickness, for e equal
to 0° and 90°. The angle o is the angle between the electric vector
and the molecular orbital.

In summary, the most significant chemical parameter to be deter-
mined in the edge region is the oxidation state of the absorbing atom.
Changes in absorption intensity using polarized X-rays can aid in mak-
ing some peak assignments based on symmetry considerations. However,
these peak assignments are only tentative and more elaborate molecular
orbital calculations which take into consideration core hole relaxa-
tion and other secondary excitations would be necessary to confirm
such assignments.

EXAFS Region

When the X-ray radiation has sufficient energy to eject the 1s
electron from the absorbing atom (E>EK in Figure 4-2), the EXAFS re-
gions of the spect}um is entered. One can consider this excitation as
a transition from the 1ls to a final state where a photoelectron is
generated and escapes from the atom. For an X-ray energy E, the pho-
to electron will have energy E‘=E—EK. Thus, in Figure 4-2 the X-ray
of energy E=EK+E1 generates a photoelectron of energy El‘ For small
photoelectron energies, local potential energy variations would perturb
the actual energy of the electron and its energy would be directionally
dependent. The present status of EXAFS theory cannot deal with this
small energy regime due to its complexity. The EXAFS theory has been

developed for the higher energy region (~>50-100 eV) where these
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perturbations are negligible. In this region, the photoelectron can
be considered free, directionally independent of energy, and propagat-

ing spherically as described by

2 2,2
p Bk
E = ?ﬁ; = I (3)

- Here, P is the classical momentum of the electron, and is equal to hk
where k is a wave number for the free electron. The mass of the elec-
tron is My Using this free electron Timit, the EXAFS equations for
the fractional oscillations x(k) of the absorption coefficient n(k)

develop in the following way:

2
X(K) = u(k)—?zgk) } u(%a) i <¢1SiD‘Wf,Z)
i u
0 ) <%$|M¢f>
(v, |ply, 2
1s f,g 1 (4)
<\blleI"'f>

By making the suitable separation

2
2
U IDwe + 0% = [y [D]we + Coy (D)

2 * 2
= Cup IDle 2+ 2¢u D) <oy D vy + ¢y ID[v ) (5)

and assuming that

<wlslolws> <<<wislolwf>

then
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-2 7 K (7)
k
i R

The following terms define the parameters used in the previous equa-
tions (4) through (7):
uo(k) is the smoothly varying background above the edge of the
experimentally measured absorption coefficient u(k).

wls is the wave function of the 1ls orbital.

Ve is the wave function of the outgoing spherical wave and usu-
ally has the form Csin(kx + P').

v_ is the wave function of the back scattered portion of the photo-

S
electron.

wf,S is the wave function of the "true" final state, and is as-
sumed to be composed of the outgoing and backscattered wave functions
in equation (4).

D is the dipole moment operator which governs the X-ray absorption
transition probability.
R, is the distance from the absorbing atom to the scattering atom.

1

N, is the number of scattering atoms at the distance Ry. A(k) and P(k)

are the amplitude and phase functions determining the general shape of

the Xx(k) curve for the particular pair of absorbing and scattering atoms.
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In the EXAFS equation (7), the chemically significant values to be
extracted are Ni’ the type of atoms i, the radial distance of those
scattering atoms Ri’ and a general Debye-Waller term o5

As the photoelectron proceeds out, it will scatter from any
potential (Atom B in Figure 4-2) located a distance Ri away from the
absorber. Because EXAFS only considers the elastically scattered
wave, the backscattered wave has the same energy, and therefore the
same wavelength and wave number, as the outgoing wave. The presence
of this scattering potential perturbs the wave function of the outgo-
ing photoelectron by giving the "final state" a béckscattered wave
contribution. Equation (4) shows that the final state scattered wave
function wfss is composed of the sum of the outgoing wave and the
backscattered wave. If ws were zero, then X(k) would be zero.

Equation (5) makes the assumption that wfss is separable into
the two component wave functions. Equation (6) makes use of the in-
equality that the backscattered wave is only a small perturbation on
the outgoing wave. This assumption is equivalent to saying that the
amplitude of the oscillations of X(k) are small compared to the edge
jump. Experimentally, thekosc111ations are 5-10 percent of the edge
jump. The transition from equation (6) to (7) involves complex scat-
tering theory and will not be discussed here, However, the various
elements of the equation will be explained in terms of the moae] in
Figure 2 and in terms familiar to the chemist.

The most significant part of the EXAFS equation is the
sin(2kR, + P(k))/k term. This term shows that X(k) should oscillate
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in sign as the energy is changed, and the peak separation in k-space
should be a linear function of the distance Ri‘ While the sinusoid-
al oscillation is not apparent, one can qualitatively see this oscil-
lation by comparing the waves at E1 and E2 in Figure 2. At El’ the
backscattered wave is in phase with the outgoing wave, so that

b, = (1 + 8)¥

£.s Thus

f!
gDl 2= (1+ ) ol

X (k) in equation (6) should be increased by 2s. At EZ’ the waves

are 180 degrees out of phase, and similar argument would show that
X(k) should be decreased by 25. At an intermediate energy, where the
backscattered wave is 90 degrees out of phase, =0 and the value of
u(k) at that particular energy should be the same as uo(k). The

ZkR_i term appears plausible, since the overall wave must travel ZR,i

to return to the absorbing atom where ¢f S is defined. Changing Ri

‘by AR such that 2kaR=2w does not alter the interference. Thus, the
2kRi term plays a role analogous to the role of 2(1/x)d in the Bragg
equation nax=2dsine. If one had a single scatterer at a distance Ri’
then one should be able to look at the peak separations in X(k) to
determine what value of R would give this progression of peaks. A

more elegant computational approach would be to Fourier transform X(k)

into R-space, so that a single peak at ZRi would be seen.



52

Experimentally, however, the peak separations are not at the cor-
rect distance for known compounds. This observation is a result of
the phase factor P(k) also present in the sine term. The phase of
Ve at the point R=0 leaving the absorber is not always zero. Thus,
wf=sin(kx+P‘(k)). Upon scattering, the backscattered wave also
changes phase so as to be ws=sin(k(R1—x)+P"(k)). The sum of the two
waves gives a net phase shift P(k) for the final state wave function,
This net phase shift P(k) can be expressed numerically as

2

P(k) = P0 + Plk + P2k toeeeee

X(k) then becomes

. 2
X(k) « sin(2kR + Po + Pyk + Pk" + ...)

. 2
o« s1n(k(2Ri + Pl) + PO + sz +..)

Thus, a Fourier transform of Xx(k) will isolate a peak at (2R1+P1) rather
than at ZRi’ In order to determine the correct$Ri, the terms Pi must
be determined either from the empirigai phase shifts of standard com-
pounds or from theoretically calculated phase shifts.

The other undetermined parameter in the EXAFS equation is A(k).
A(k) is the amplitude function which determines the envelope of the
X(k) osci]?ationé. A(k) is a function characteristic for each type of

backscatterer. For Tow Z elements (Z<20), A(k) falls off monotonically.
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For higher Z elements, A(k) reaches a peak before falling off. Figure
4-2 shows such a case, since the amplitude of the backscattered wave at
E2 is greater than at E1° In this case, A(kl) < A(kz). This peaking
of A(k) at particular energies is indicative of increased scattering as
the energy of the photoelectron reaches the energies of orbital levels
of the scatterer. The drop off of A(k) at high energies can be consid-
ered a measure of decreased scattering as the energy of the photoelec-
tron is less perturbed by the scattering potential. An equivalent de-
scription would be that the scatterer becomes more transparent to the
photoelectron. This peaking of A(k) is diagnostic for the approximate
value of Z of the scatterer. Differences in A(k) can also be used to
separate scattering due to two scatterers that vary significantly in Z.
For curve fitting, the functional form of A(k) must be known either from
theory or from empirically determined A(k) of standard compounds.
In'real compounds, the vibrations of the scatterer relative to the
absorber change the instantaneous distance Ri‘ This variation in Ri
would lead to a summation of X(k) for various Ri‘ This summation would
be composed of various waves slightly out of phase with each other.
Their sum would be of smaller magnitude than that of an equivalent sum

of a single static Ri“ This effect can be incorporated in a general-
2,2
-gk

jzed Debye-Waller term e In practice, the Debye-Waller term

is of only qualitative value. It is strongly coupled to the amplitude

function A(k) in any fitting program. It frequently serves to correct

2

for any errors in the functional form of A(k). As long as ¢° remains
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small and positive — which is physically plausible — this parameter
is serving primarily as a Debye-Waller term. However, the value of
02 should not be considered accurate until the functional forms of
A(k) are known to sufficient accuracy.

The thermal vibrations are also significant in comparing the EXAFS
bond distances with known ckystal structures. In many crystal struc-
tures, each atom is treated as an independent atom vibrating within a
given volume. The size of this volume correlates with its Debye-Waller
term. The bond length R; is defined by the centers of these volumes.
However, these centers are not independent of one another. -As one atom
moves, the other atom is also moved. If the circumstances are appro-
priate, a riding model correction to thie bond distance can be made.
This model couples the two atoms. It has the effect of slightly length-
ening the bond distance to Ri and of changing the Debye-Waller terms.
Physically, the EXAFS experiment already measures the bond distance be-
tween two coupled atoms. A comparison of the EXAFS results with a rid-
ing model distance is a more appropriate test of the EXAFS accuracy.

The 1/R§ term for a particular shell is related to the intens-

ity of the outgoing and backscattered wave at a particular distance

Ri' The energy density of a propagating spherical wave decays as 1/R.
By the time the outgoing wave reaches the scatterer, the initial wave
has decayed by 1/Ri° The backscattered wave, which is some fraction
of the outgoing wave, now decays again as 1/R as it passes back to the
absorber. For the total trip of the outgoing and backscattered wave,

the drop in intensity has fallen as 1/R§.



la.

o

55

References for Chapter 4
D. E. Sayers, Ph.D. Thesis, University of Washington, 1971;
D. E. Sayers, F. W. Lytle, and E. A. Stern, Advances in X-ray An-

alysis, Vol. 13, Plenum Press, New York, 1970;

. E. A. Stern, Phys. Rev. B., 10, 3027, 1971,
. B. M. Kincaid, Ph.D. Thesis, Stanford University, 1975 and SSRP

Report 75/03.

. S. P. Cramer and K. 0. Hodgeson, "X-ray Absorption Spectroscopy:

A New Structural Method and Its Applications to Bioinorganic Chem-

istry," Prog. Inorg. Chem., 25, 1, 1979,

. U. C. Srivastava and H. L. Nigam, Coordinating Chemistry Reviews,

9, 275, 1972-3; see le also.

. D. H Templeton and L. K. Templeton, Acta Cryst. A., 36(2), 237,

1980.

. S. H. Hunter, Ph.D. Thesis, Stanford University, p. 130 and SSRP

Report 77/04, 1977.



lﬂ(I"/I)

56

=

PRE-EDGE ,JRE.'S‘ EXAFS
i
- '
"f_\::‘ﬂ! l C\!E’I I
/ 1
=/ e CONTINUUM
A ! g l l 1 l 4
14.400 11 .800 12.200 12 .600 13.000
E(KEU)
Figure b4-1

XBL 798-10995A
X-ray Absorption Edge Structure (XAES) and Extended

X-ray Absorption Fine Structure Regions of (s AsH



(eV)

57

Figure 4=2

Depiction of Processes Occurring in X-ray Absorption

Hi

o
SERRR
I

Atom A Atom B

S

R (A)

XBL 808-10921A



58

5.000 PR T T
qﬁ’;" YsMugrbp Limit +3
i Y «Se™7 ATOMIC STATES
C_ai )
4.000
L
o
0
t
Lt
oz
o, 3.000
i
Lo
™
=
£
2.000
1.000 L
0.000 ,/) | { l

11.850 11.800 11.950 12.000 12.030

ECKEV)

XBL 808-10920A

Figure U4-3

Comparison of the Fdge Structure of AsF3
with the Atomic States of Se'-



59

CHAPTER 5

X-Ray Absorption Studies of Arsenic Standard Compounds

While X-ray absorption edge studies have been performed for decades,
the recent development of EXAFS (Extended X-ray Absorption Fine Struc-
ture) theory has fostered renewed interest in the structural information
X-ray absorption can supply. Particularly valuable is the ability to
détermine the local radial order around particular atoms when the long
range order necessary for an X—réy diffraction analysis is absent.1
As shown in earlier chapters, the graphite intercalation compounds with
Ang and AsF5 could not provide single crystal data of sufficient qual-
ity for X-ray structural analysis, so the X-ray absorption experiments
are appropriate. In the following chapter, the graphite intercalates will
be discussed. This study investigates known arsenic fluorides and A5203
using the arsenic K-shell absorption near 11.9 keV. The absorption coeffi-
cient y was measured from 11.4 to 13.1 keV, using the Stanford Synchrotron
Radiation Lab's SPEAR storage ring. The edge and EXAFS regions of A5203,
Na'AsFg, Cs'AsFg, ‘
AsF5 gas and AsF3 gas have been investigated.

+ - o + - + — + -
XeF AsF., Xe2F3AsF . 02AsF63 C6F6ASF6, ClOFsAsFG,

Sample Preparation

A1l compounds were made using reported literature preparations. The
xenon salts were prepared by reaction of XeF2 with AsF5 in HF or BrFS.

They were characterized by their characteristic Raman spectra and X-ray

powder patterns.2 Na+Ang and Cs+AsF6 were prepared from reagent grade

NaF or CsF and AsF5 in anhydrous HF., The powder pattern of Na+AsF6

matched the unreported Na+Ang pattern with only a small impurity of
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NaF.3 The CS+ASFE was pure., OZASFE was made by photolysis of 029 FZ’
and AsFS.(4) ClOFgAsFE or CGFEASFE were prepared by reaction of Cyqfg

or C6F6 with COZAng in 50261F.(5) AsF3 was prepared by fluorinating As

to AsFS, and then adding more As to the AsF5 to form AsF3. The sample

was cooled to -63°C and was pumped to vacuum to remove any remaining.AsF5°
The room temperature infrared spectrum of the vapors remaining showed only
AsF3(g), although a small shoulder might indicate a trace of SeF4.(6)
AsF5 gas was purchased from Ozark Mahoning as 99 percent puré. The gas was
condensed at -196°C and was pumped to vacuum to remove any possible
fluorine. A room temperature infrared spectrum showed only AsF5 gas.6
Reagent grade A5203 was used as purchased from Mallinckrodt.

A1l solid samples except Aszo3 were handled in a nitrogen atmosphere
Vacuum Atmospheres Drilab with less than 5 ppm 02 and water, Na+Ang was
mixed with dry Teflon TFE powder and pressed into a 1-1/4" pellet die.

This composite now had more structural integrity and was presumably more
uniform. The solid powders or composite were loaded between 10 mil thick
Teflon TFE windows, Which were placed between aluminum plates with

narrow beam slots. The plates were screwed together in order to seal

the Teflon windows along a flat edge. This cell was then attached to
the bottom of a Dewar along with a thermocouple attachment. The cell

was then enclosed within a vacuum tight chamber with Kapton windows.

This arrangement placed the solid within two layers of vacuum tight

protection within a very dry nitrogen atmosphere. If the sample was to

be cooled with liquid nitrogen by filling the dewar, the nitrogen gas
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was pumped from the chamber before cooling to prevent frost formation on
the Kapton windows. A5203 was also mixed with the Teflon powder to
make a pressed composite, and then loaded in a plastic holder.

. The room temperature vapor pressure of AsF3 (160 torr) and 380 torr of
Ast were placed in 10 cm long metal IR cells fitted with pre-fluorinated
5-10 mil thick Teflon TFE windows. These cells had been helium leak
tested before use to insure no exposure of the gases to air. After
adding the gases, pure dry N2 (99.999% purity) was added to bring the
total pressure in the cells to 760 torr, in order to minimize any substan-
tial diffusion of air through the Teflon windows. These cells were then
sealed, capped with Swagelock caps to prevent possible air leaks through
the valves, and placed within a Plexiglas box fitted with Kapton windows.

Experimental Details

The samples were placed in the X-ray beam between two gas ion
chambers. The front chamber (containing a 10% He/90% Ne gas mixture)
measured the incident X-ray intensity IO’ The rear chamber I, contain-
ing Ar, measured the X-ray intensity after passing through the sample.
Dark currents were measured and subtracted from the current measured at
each data point. The current produced in the ion chambers was amplified
and converted to a voltage which was digitized by a voltage-frequency
converter. Control of all data collection was performed using a PDP~11
computer and programsbwritten by dJon Kirby,7
The X-ray energy was selected by turning a channel-cut S$i(220) or

Si(111) crystal for Bragg reflection. I, and I were measured as a

function of crystal angle, which was later converted to X-ray energy.
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An initial energy calibration was made by looking at a pre-edge feature
of the copper K edge at 8980.3 eV. The "white peak" of A5203 was

then measured. This A5203 peak was used to recalibrate the energy
scale every 5-10 samples scans and following beam injections. Energy
resolution per point was ~ 0.2 eV in the edge region near 12 keV.

Approx imately 500 data points were taken over the region»ll.4—13.l keV,
with different energy spacings depending on the resolution requirements
in particular regions. Generally 15-30 minutes were used to scan the
1.7 keV range, and several scans were taken and later coadded to improve
signal to noise. The data were transfered to magnetic tape and analyzed
8

at UC Berkeley - LBL using methods described elsewhere.

Edge Studies

The energy region near the onset of the K-shell absorption, after
a pre-edge background removal, is shown in Figures 5-2, and 5-3. Data
points were taken at 0.2 eV intervals, except for the xenon, cesium,
0;, C6Fg and CloFgAng salts which were taken at 0.5 eV intervals.

From Table 5-1, one sees that the initial peaks (the white peak)
for the formally As(III)} compounds fall at 11968 % 0.3 eV, the white

6 5
white peak fall approximately one volt Tower at 11974.2 eV. Thus the

peaks of the AsF. compounds fall at 11975 = 0.3 eV, while the AsF
energy position of the white peak appears to be a sensitive function of
the arsenic oxidation state, and the AsF5 peak is distinctly different

in energy from the Ang peak.
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Two other determinations of the white peak position of A3203 have
been reported,g Values of 11879.9 (#0.5) and 11876.8 eV are given and
energy referenced to nearby tungsten L edges. Our value is substantially
Tower fn absolute energy, and the error in the absolute energy scale may
be as large as 5 eV in translating from the copper reference at ~ 9 keV to
the arsenic K edge near 12 keV. Our values of the energy shifts relative
to ASZO3 are accurate to ~ 0.3 eV,

The increased absorption in the region above the onset of absorption
is due to symmetry allowed transitions from the ls to molecular orbitals
having np character. The large white peak of each sample is presumed to
be 1s > empty molecular orbital with 4p character. Above the white peak
energy, other transitions are observed which are qualitatively similar,
but are shifted in energy and intensity. These differences in intensity
cannot be attributed to specific orientation of the molecular orbitals
with respect to the polarized X-ray beam because all the samples were
randdm]y oriented. The differences in intensity and energy can be
rationalized as transitions to higher empty molecular orbitals. No
molecular orbitial calculations for these compounds have yet been
published, so further assignments cannot be made.

Because we had no molecular orbital calculations, we looked at
gaseous atomic level spectra to ascertain if qualitative assignments
might be made to these featureselo In Figures 5-4 and 5-5, the data

3 and Se+5

for AsF3 and AsF5 are shown with the atomic states of Se+
respectively. By choosing selenium states, we tacitly assume a relaxed

core model. These selenium states have been positioned so as to align
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the white peak with the first significant state with p character. While
the model is obviously crude, it may allow some qualitative statements,
In both AsF3 and ASFS, there appears to be a relationship between
the experimental features and the atomic states. In the AsF5 case, one
sees no transition lssd4s below the white peak near 11961 eV. This transi-
tion would be symmetry forbidden. Transitions to pure 4d or 5s are also
symmetry forbidden, yet a sizable feature is seen near these levels.
Mixture of 4d or 5s with p orbitals rationalizes this result. A more
striking limitation arising from this relaxed core approximation is the
prediction that the continuum levels are ~ 44 and 67 eV above the lowest
empty p state. These empty p states so far below the continuum seem
physically unreasonable, especially in the AsF5 case. The valence shell
ionization potential of ASF3 is reported to be 13.0 eV from photoelectron

spectra,11

The energy difference from white peak to continuum would then

be expected to be less than 13 eV for an unrelaxed core model. A corrobora-
tion that the atomic states predict an unreasonable continuum level comes
from the EXAFS analysis (discussed below). EO, the energy at the onset of
the continuum, is empirically determined in the Bell Lab's model used.12

E, was found to be near 11886 * 5 eV for all arsenic compounds (see Table
5-3). This Eo would be ~ 15 eV above the As(V) white peak, and 16-21 eV
above the As(III) white peak. These Eo values seem more reasonable, and

the As(III) value is much more consistent with the ionization potential.
Thus the relaxed core approximation using atomic states appears to give a

fortuitous description of the features. However, this approximation is

of dubious utility in finding a physically meaningful continuum level.
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EXAFS Analysis

For all samples except AsF3, AsFSs and NaAsFGs data points were
collected every 3.0 eV from 11915 eV to 13015 eV. For these three
samples, data were taken every 2.5 eV from 11888 eV to 12367 eV, and
every 5.3 eV from 12367 to 13166 eV.

The data preparation to create x(k) for analysis consists of the
following three steps:

(1) The pre-edge region is extrapolated over the entire energy region and
subtracted. This procedure removes absorption from all lower energy
processes other than the K-shell absorption.

(2) A post-edge norma]fzation at 11943 eV is made in order to create a
file, u'y, with ux = 1.0 at this energy. This step normalizes the K-edge
absorption pump, so that the EXAFS amp1itude§ of various samples are all
normalized to this same ux jump. The amplitudes of the EXAFS oscillations
should then all be directly comparable.

(3) To generate X - the EXAFS oscillations in ux - we start from

p'-u's

X = T
MM

Here, u' is the normalized file created in (2). ps‘s is a smoothly
varying background composed of free atom absorption, instrumental
background, and any background residual from the pre-edge strip.
us's is empirically constructed by performing a running average strip
across the data to create a smooth file Sl' On this 51’ a second

and third running smooths were performed to create a slowly varying

background function 513 which does not significantly follow the
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13

EXAFS oscillations. McMaster plots,”™ which were normalized to ux =1

at 11943 eV, generate the “M' file. An initial EXAFS file is created.

U"513
Xl = uMs

Because many of our later analyses would be with knx, we then do a

3

second triple smooth S2 on k"x (n = 3) to generate

Xp = k=N[kNXy - 523].

This second smooth should remove any residual background which is
magnified by the k" weighting. This X, is now used in further
analysis.

Fitting Programs

To analyze the x(k) data, the procedure of Teo and Lee12 was

used in order to fit the data to

o:k? £.(K)
x(k) =3 A, e Jk sin[2 kR, + a.(k)].
j J J J
N, 2
Here Aj = ﬁi 2 (< cos ej>), where Nj is the number of atoms j at a
J
a distance Rjs and 85 is the angle between the bond vector to j

and the electric vector of the polarized X-ray beam. o5 and fj
are the phase shift and amplitude for the specific absorber/scatterer

pair. The theoretically calculated f and o for As, F, and 0 were

used.12 A., R., o and EO' remain to be determined.

J°3J
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E,' s determined in this model by taking kXZ(k), generated
from a preliminary EO, and removing a(k). Then the Fourier transform
into R space is calculated, and EO is varied until the peak of the
sine transform matches the peak in the magnitude transform, At this EO',
any cosine component has been removed, and EO' is the empirically
correct continuum level. |

k3x2(k) is now created at the correct Eo' and directly Fourier
transformed to R space. The desired R-space peak is windowed and back
transformed to k space to generate the x3(k) which contributes to that R

space peak. This E' is then used along with the theoretical o and f to

fit the file. This k"x(k) is then fit to the function

k2

Fi(k) = k" A e?"" sin(2kR)

where A, o, and R are to be determined. A least squares fitting
function (FCN) s calculated in order to determine the best fit.

To determine the error in R and E, Eo‘ is varied by AEO and 3
is varied by AR, and the best value of the FCN is found. A contour
plot of the value of FCN as a function of fixed AR and AE0 is
constructed. Contours of constant FCN on the R vs E0 graph are
plotted where the FCN value has doubled compared to its best value
which is at (4R, AEO) = (0,0). On these plots (Fig. 5-6), a doubling

of the FCN is plotted as "10" on the contour plot. Acr‘ivos14

pointed
out that aR and AEO are coupled variables in this error analysis. An

approximate form of the coupling is
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2.9 (1 + a') AE
4N ok AR 2R 0
b FON ~ g %; (FgDg) € ° cos(2Ry * el g - —7 (e )

where the bracketed term shows the coupling of AR and AEO. Here, F
and D are the fitted and data values of k3 x(k) at each point k, and
the sum is taken over all data points in energy or k-space. This
equation does show that when AR is zero, the variation of AFCN with
AEO aré uncoupled for any value of AEO. A similar representation
holds for AR when AEO is zero. Therefore, one can draw horizontal
and vertical lines through the center of the ellipses, and the length
of these lines is a true measure of the error in aR and AEO.

Fitting to the above Fi(k) gives excellent values of A, R, and ¢
for all compounds. However, the FCN has contributions from the errors
in A and ¢. By removing the total amplitude from k3x(k), one can

fit to

Fo(k) = A sin(2kR)

where A should be close to 1.0. With this fit, the error limits on R
and E0 decrease substantially. Comparison of the fits to F1 and
Fz are made in Tables 5-2 and 5-3, and a visual comparison of the
fits can be made in Figures 5-7 and 5-8.

A1l samples except A5203 were analyzed using k3x(k). This
k-weighting emphasizes the high k-data, so that the fitting function
would perform a balanced fit over the entire data region. While some

files extended to k = 18, we have Fourier transformed all compounds



69

over the same k range to insure comparable results. The initial Fourier
tfansform into R space uses 4.0 < k < 15.0, and the data are fitted over
the region 5.5 < k < 13,5,

EXAFS Studies

The various X(k)'s of all samples except A5203 appear quite
similar. Figure 5-9 shows an assortment of various files multiplied by
kz. These kzx(k) apparently show only one sine wave frequency,
which is indicative of only a single shell contributing to x (k).
Transforms into R-space of all As-F data sets show only a single peak

which corresponds to the As-F distance (Figure 5-10).

As-F Distances

The As-F distances found in the fitting programs are listed in Table
5-2. It is immediately apparent that the value of the best R does not
vary significantly when the amplitude is removed from the fit.

A comparison of known As-F distances with those found here is quite
impressive. A comparison of A5F3 and ASF5 distances with the reported
electron diffraction distances shows a startlingly good agreement. We
could not distinguish the two different As-F distances in AsF5 separated
by 0.06 A. The interference beating between these two distances would
only become observable much further out in k-space than we could collect
data. This experimental limitation, plus vibrational broadening, limits
the EXAFS technique to measuring only the average As-F distance. That
average, though, is known quite accurately.
2¢c

In the XengAng case, the known disorder in the As~F distances

apparently underlies the much larger error limits. The weighted average
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of the known bond distances agrees well with the fit F1 with amplitude
present. The value of R of the fit F2 with ampli- tude removed agrees
well with the weighted average of the three shortest distances (1.732 /A).

g case, the fitted values of R agree very well with the
2d

In the XeF AsF
first short distances,”” and are barely within the error limits for the
weighted average bond distance. In both samples, it appears that the

EXAFS is not measuring the longest As-F bond in the sample. This appears
most likely in the XeF+Ang, because the calculated number of scatterers
(4.9) also indi;ates that the EXAFS does not see the most distant atom.

The samples are powders and no preferred orientation would be expected to
occur, If preferred orientation were to occur so as to eliminate this par-
ticular As-F, then another shorter As-F would also have been eliminated,
causing an even further lowering in the number of neighbors. A second
possibility is that the furthest fluorine has a larger thermal disorder
which would dampen its contribution to the EXAFS. However, the crystallo-
graphic data for XeF+Ang shows the long bonded fluorine (which bridges

the As to Xe) to have virtually the same root-mean-square displacements

of the thermal ellipsoids as the other fluorines on arsenic. Neither
preferred orientation nor thermal dampling appear to explain the results

in disordered shells. Eisenberger has reported that the average distance
found by EXAFS from distorted shells in Zn can be shorter than the

(18) This effect of a non-gaussian

crystallographic average distance.
pair distribution function gives an additional component in the phase
shift which is not accounted for by the theoretical phase shift. We

cannot eliminate this possible explanation.
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The crystal structures of the remaining Ang sé]ts are not known,
so no comparison with the fitted R can be made. The determined R is
comparable with the distorted Ang compounds, while the smaller error
limits imply that the Ang unit is less distorted than in the xenon
salts. The one reported structure of a simple Ang salt (K+ASF—)

6
(17) which, in comparison with our

gives a bond distance of 1.80 A,
results, appears to be too long.

The disorder effect also appears in the values of o (Table 3). In
all cases except one, o is small and negative (~ 0.001 Az)e The
largest value of /o/ is seen in the XezF;Ang, with ¢ = - 0.0052.
This large negative value is consistent with the sizable errors in R
found for this compound. The smallest /o/ (< 0.0010) is found where
the error in R, and the error in R measured by other techniques, are
smallest. Thus a correlation between AR and ¢ can be seen.

The actual value of o should not be interpreted too strictly.

1/2

One might interpret /o/ to be the root-mean-square deviation of the

1/2

bond length. For XengAng, lol = 0.072 R, while the estimated

error in the EXAFS is 0.007 A and in the X-ray crystal structure is 0.030.

For AsFs, [o)t?

= 0.018 A, while electron diffraction and EXAFS measure
0.002 and 0.005 A, respectively. This calculated o must compensate for
thermal vibrations and any inaccuracies in the shape of the theoretical
amplitude functions. For this reason, the actual value of ¢ is of

Timited value in determining the error in R for EXAFS. Increasing

disorder does qualitatively correlate with the magnitude of o.
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When the fit with amplitude removed is used, disorder affects the
value of A. A ought to be close to 1.000. For the ordered Ang salts,

A lies between 0.996 and 0.999. For XeF+Ang, which has a fairly small.
o, A =0.995. For the distorted XeZF;Angs A = 0.982. The deviations
of A from 1.000 give another qualitative indication of disorder.

The placement of EO‘ using the fit to the EXAFS region was mentioned
in the edge discussion. There is a general trend that EO(ASF3) < Eo(Astj
< Eo(ASFE)’ consistent with the trend in the white peak energies. The
actual magnitudes of the shifts are barely significant statisfica11y. EO
must also compensate for other inaccuracies in the model. For instance,
the theoretical amplitude and phase were calculated using a compromise
between an unrelaxed and totally relaxed core model. EO would have to
shift to fit these model parameters to the physically occurring excitation
process. E0 would also have to correct for any different pair distribu-
tion functions which may be present in the disordered systems. While all
the Eo's fall into a reasonable energy region, the barely significant
trend in Eo may only be fortuitous.

The number of nearest fluorine neighbors around the arsenic atoms are
found in Table 5-3. The fitting parameter A equals N//R2 (coszej > for
all samples. The equation to calculate the number of neighbors for an

unknown N2 from a standard Nl is

2 2
AZ R2 (€os"eq

N, = N
2 1 Al R1 (coszez)
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2

Because all the present samples are random, ( cos"e) equals 1/3 for both

standard and unknown. We chose the AsF3 gas sample as our standard, and
calculated N2 for all other samples.

One sees the expected number of neighbors for AsF., the other AsF

5 9
. + - + - + - + -
Xe2 3ASF6, Cs ASFG, and C10F8A5F6. The samples of 02A5F6 and

39

C6F6ASF6 were visibly inhomogeneous. For the same edge jump, the
EXAFS amplitude is smaller for inhomogeneous samples than for homogeneous
samples. This smaller amplitude gives the smaller number of neighbors.19
The white Na+Ang was mixed with white Teflon and pressed to make a
pellet. One would not be able to determine visibly if the sample were
homogeneous. - Apparently the Na+Ang was inhomogeneous. The XeF+Ang
sample gives a curious value of N = 5. One might easily ascribe this Tow
value to inhomogeneity. However, the EXAFS As-F bond distance discussed
above is almost exactly the As-F crystallographic distance of five of the
six arsenic-fluorine distances. It may be that the EXAFS is truly showing
only the five short bonds, and contains no information on the sixth bond
located 0.13 A further away. Perhaps the location of this fluorine on a
line between the As and Xe atoms is causing the EXAFS to fail to sense
this fluorine,
As 03 Results

The one remaining arsenic compound studied is A5203. Here, the
data is no better than the fluoride data, but the analysis involves more
parameters for multiple shells. Figure 5-11 clearly shows a beating inter-

ference in X(k), which is indicative of two shells. The initial Fourier
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transform to R-space clearly shows the two shells (Fig. 5-12). The
individual shells windowed, back transformed to K-space, and Xi(k) of

each shell, i, was independently fitted. EO was determined from the first
shell distance, and initially used for both shells.

A summary of all fitting results, as well as a comparison with the
published structure of cubic A5203,15 are given in Table 5-4., The first
shell As-0 distance of 1.797(7) agrees well with the reported crystallo-
graphic distance. The E0 of AsF3 is also found. This result supports
the proposition that EO does compensate for changes in oxidation state.
The o value of -0.0025 is also reasonable. The fit to F1 is shown in
Figure 5-13.

Fitting to the windowed second shell xz(k) with a single shell
As-As scattering gives a distance of 3.23 A, which agrees well with
the crystal structure. However, the fit at low k was very poor (see
Figure 5-14), The difference in k from peak to valley at low k was
larger than at high k. This behavior implies that a second, shorter
distance is present at low k. A1l of the above work was done fitting
k3X(k), in the same manner as all the other compounds. By using
k3x(k), the fitting program primarily emphasizes the high k data
where As-As scattering predominates. If there were some As-0 scattering
present, it's amplitude would only be significant at low k. A two
scatterer fit to the k3x(k) data fails to find a plausible As-0 dis-
tance. The initial starting value of As-0 (which was close to the

crystallographic distance) travels up to fit the As-As distance. The
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As-As scattering so dominates the fitting routine for k3x(k) that the
program simply folds the additional parameters into the As-As minimum.

To redistribute the regions of emphasis for fitting, a fit to kox(k)
was attempted. This k weighting should give a balanced weighting at low
and high k, and the As-0 scattering would be more significant in the fit.
A single scatterer As;As failed completely to fit the data, as expected.
A two scatterer fit, with As-As and As-0 scatterers, proved to be very
sensitive to the initial starting parameters of As-0. The As-As distance
and E0 always went to nearly the same values as the single shell k3x(k)
case, regardless of where the initial starting values were placed. For
the As-0 case, if the initial E0 was near 11880 - where the first shell
As-0 and second shell As-As fits place E0 -~ then R for the As-0 travels
up to the As-As distance near 3.23. This behavior is similar to the
behavior for k3X(k), The minimization routine simply has extra
parameters to fit the data, and uses those parameters to minimize the
fitting function dominated by As-As. If the As-0 initial EO is placed
near 11920 eV (about 50 eV above the white peak), the distance does not
travel to 3.23, but gives a smaller value of ~ 3.0-3.1 A. EO also stays
near 11930. However, the amplitude of this As-0 contribution is negative,
which says that the phase shift is incorrect by ». If the initial As-0
E_is placed near 11945 eV, the As-0 converges to a distance R = 3.02 &,

0

E0 stays near 11945 (11948 eV), and the amplitude is positive as desired.
The As-0 and As-As distances now agree very well with the reported second
shell crystallographic distances (Table 5-4). The fit is also excellent

(Figure 5-15).
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The only difficulty with this analysis is the unreasonable E0 that
the As-0 scatterer requires. This EO is almost ~ 50 eV above the EO
found for the first shell As-0. A plausible explanation is that the
"surface" of the fitting function has many minima. For instance, in the
separate program that finds a "best" Eo’ the program actually finds
several minima where EO matches the peak in the R-space sine transform
with the magnitude peak of the transform. These minima in EO are spaced
© apart in a manner proportional to 1/R of the R value the program is using.
In the main fitting routine, the same repetition is occurring - a rela-
tively good EO is found ~ 50 eV above another Eo‘ The fitting of the
As-0 component is only sizable over the region k = 5.5-7.5 A'l. An As-0
distance of 3.00 A gives sine wave peak separations in energy of about 50
eV in this small K range. In effect, moving EO up by 50 eV simply moves
the sine wave by 2n, so that the peaks superimpose again. This idea also
explains why a shift of EO about 20-40 eV to higher energy would give a
fairly good R value, but with a negative amplitude. With this shift, |
the experimental peaks would line up with the theoretically fitted va11ey,
so the best fit occurs by inverting the theoretically fitted sine wave.
For the 50 eV shift, the registry of peak with peak would not be perfect,
because (E-E) e k2, But in our programs, we cannot see the fits to
each component - only the sum is seen.

In summary,.the X-ray absorption data near the arsenic K-edge provides
much useful information. The near edge region provides white peak énergy

shifts which are self-consistent with the oxidation state of the arsenic

absorber. The EXAFS data provides excellent radial distances from the
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arsenic to the neighboring atoms. These distances are comparable in
accuracy and precision with X-ray diffraction and electron diffraction
techniques. The theoretical amplitude and phase parameters calculated

by Teo and Lee12C

worked superbly. The number of neighboring scatterers
could be determined to = 0.4 atoms for well prepared homogeneous samples
when scaled to a known homogeneous sample. This study of standard
compounds provides confidence that the investigation of graphite

intercalation compounds would be profitable.
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Table 5-1. Edge Peak Positions

Asp03

AsF3
AsFg

XeF*AsFg
XepF3AsFg
03AsFg

CsTAsFg
Na*AsFg
C1oF gASFg
CFeASFE

As(I11)

11867.90
67.54
68.16
67.64
67.44
68.09

67.67
68.45

AsFg ~ AsFg

11874.25
74,15

11875

75

75.

74

75.

.38
75.

12

.82
A3

75.

26
24

.70

21




Table 5-2. Radial Distances of Standard Arsenic Compounds
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Fit with eok?

Fit with
amplitude

Results of other

techniques

Samp le T(°C) R (B) removed R{&) Average R(A) ¥ at R(R)
As)03 1.797 (7) 1.80 (5)15
AsF3 A 1.699 (7) 1.701 (5) 1.706 (2) 3 1.706 (2)16
B 1,709 (5) 1.710 (3)
‘ 3 1.656 (4)
AsFg 1.678 (5) 1.681 (2) 1.678 (2)16 {
2 1.711 (5)
5 1.730(10)
XeFAsFg 1.727 (6) 1.732 (5) 1.750(10)2d {
1 1.860(10)
2 1.670(30)
2 1.725(30)
XepFaAsFg 1.739(10) 1.728 (7) 1.740(20)2¢
6 1.755(30)
2 1.790(30)
0oAsFg 1.723 (5) 1.724 (2)
CsAsFg 1.726 (5) 1.726 (2)
C10F gAsFg 1.732 (5) 1,733 (2)
CgFgAsFg -93 1,730 (5) 1.731 (2)
NaAsFg 1.727 (5) 1.726 (3)
KAsFg 1.800(50)17 {6 1.800(50)
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Table 5-3. Fitting Parameters of Standard Arsenic Compounds

Fit wfth e°k2 term Fit with amplitude
Sample N A o2(A2) Eg(eV) removal Eq(eV)
-11800eV ~-11800eV

Aso03 .3918  -.0024 88 (3)
AsF3 A 2.9  .5096 .00011 . 81 (4) 82 (3)

B 3 .5173 -.00067 86 (3) 87 (2)
AsFg 4,7  .8444 -.00034 88 (4) . 89 (1)
XeFAsFg 4,9 .8274 -.00156 91 (3) 93 (2)
XepF3AsFg 6.2 1.0352  -.00524 93 (5) 90 (4)
0oAsFg 4.6% .7837  -.00070 89 (3) 90 (1)
CsAsFg 5.8  .9850 -.00144 89 (3) 90 (1)
C10F gAsFg 5.8 .9698  -.00161 90 (3) 91 (1)
CeFgAsFg -930C 4.9% .8243  -,00064 90 (3) 90 (1)
NaAsFg 4.6 .7539 -.00118 88 (3) 89 (2)

*These samples were known to be inhomogeneous, and were expected to
have Tow amplitudes and low values in the number of neighboring
fluorines.
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Table 5-4. Fitting results for Asy03

EXAFS Results

Peak 1 Fit Peak 2 Fit

k-range used (1/A) 5.5 to 13.5 5.5 to 13.5
k weighting k3 k0
Starting E5 (eV) 11886 11923

shell 1 shell 2 Shell 3
Atom Type 0 0 As
Eoi (eV)* 11888 (5) 11937 11872
oi (R2) ~.0024 .0200 .0053
A; T .3918 .0432 .0932
Ry (A)* 1.797 (15) 3.02 (4) 3.22 (2)

Crystal Structure Results

Radial Distances

1 2 3 4
Atom Type 0 0 As 0
N4 3 3 3 3
Ry (R)* 1.80 (5) 3.02 (7) 3.23 (1) 3.46 (6)

*The error in the last place is enclosed in parentheses.
Peak 1 Aj results cannot be compared with Peak 2 results due to
different k-weight and fit regions.
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Figure 5-1
Fdge Region of Arsenic Conpounds
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Figure 5-2

Near Edge Region of Arsenic Compounds
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Figure 5-=3
Edge Region of Ang Compound s
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Figure 5-4

Assignment of Se+3 Gaseous Atomic States to ASFB
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Figure 5-5

, .
Assigoment of Se+5 Gaseous Atomiec States to Cs AsF6
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Figure 5=7
Fit of k° X (k) Data to the Calculated Fit
With Amplitude and Debye-Waller Term Present
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Figure 5-8
Fit of k2 X(k) Data to the Calculated Fit
With Amplitude and Debye=Waller Term Removed
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Figure 5-9

x? X (k) for Selected Arsenic Compounds
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Figure 8-10

R-Space Transforms from ksx(k) for Selected Compounds
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Pigure 5-11
K-Space Data of A8203
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Figure 5-12

Transforms of k72X (k) (8,) and k! X(k) (8))
into R-Space of Aszo3
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Flgure 5-14

Fit of Second Shell Using Only As-As Parameters
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CHAPTER 6

X-ray Absorption Studies of C:ASFG and "CxAst"

Introduction
The dramatic changes in electronic properties of graphite1 and
polyacety1ene2 upon reaction with AsF5 have stirred much interest.

Initial researchers presumed that the AsF5 was present as a neutral,
trigonal bipyramidal species within the graphite.3 Subsequent
researchers felt, because some electron withdrawal from the graphite
was necessary to cause the dramatic electronic properties, that the
AsF5 was aciing as a Lewis acid to attract the carbon = electron

4 This Lewis acid (or « acid) proposal has gained

density to itself.
wide popularity in explaining a multitude of graphite intercalation

reactions which could not be explained otherw‘ise.5 However, conclu-
sive chemical characterization of the species present, beyond simple
elemental analysis and c-axis spacing, is usually meager. In 1978,

Bartlett et al. proposed that the AsF5 reacted with the graphite

according to the following known half reaction.
3 AsF5 + 2 €= — 2 AsFg + AsFy . (1)

Preliminary As K shell X-ray absorption pre-edge studies supported the
proposal that As(III) was formed. Having achieved excellent EXAFS
results on a series of known arsenic fluorides, (Chapter 5), extended

studies are reported for the X-ray spectroscopic studies of
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graphite/AsF5 and graphite/Ang compounds. A summary of the present
chemical characterization evidence in the literature is also given and
compared with the three current models.

Experiment Preparation

Graphite/AsFS. Pyrolytic graphite was powdered, and 0.2-0.3 g was
placed within a quartz reaction vessel attached to a pre-fluorinated
1/4" copper tubing with Teflon Swagelock, capped with a Whitey valve.
The entirekaSSemb1y (including the valve) was leak tested on a He leak
detector. The assembly was heated at 100°C overnight under dynamic

vacuum, heated with a torch at 10“3

torr dynamic vacuum, and then struck
with a Tesla coil current to insure an anhydrous condition on all
regions which would be in contact with the AsF.

A5F5f(02ark Mahoning, 99% pure) was condensed at LN2 into a
second quartz tube, and pumped on to remove any possible F2. The
AsF5 was then warmed and expanded into the graphite tube to achie?e
a pressure of about 1 atmosphere. For those samples of gravimetry
~ ClOAsF59 the final pressure was one atmosphere or less. For the
later preparations of C8AsF5, more AsF5 was added to ~ 2 atmospheres
until no further pressure drop was observed overnight. The AsF5 was
pumped out quickly (< 2 minutes) and the increase in weight was taken
to be from intercalated AsFS. With the tube at vacuum, the sample
was passed into the Vacuum Atmospheres Drilab to load the sample for

the EXAFS experiment, X-ray powder diffraction, and carbon analysis.

It is generally agreed that graphite/AsF5 loses AsF5 under vacuum.
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In order to perform a carbon analysis, further pumping had to be done on
a very small amount of sample. The carbon analysis always gave a lower
composition than gravimetry. Thus the compositions given would indicate
a mixed lst and 2nd stage, while the X-ray powder diffraction only show
a first stage material, Chapters 2 and 3 give the analytical results
and further characterization.

Graphite AsF6 was prepared as described earlier.

The earlier samples (Clo,SASFS’ C10.8ASF6 and C12A5F6) were simply
poured onto the thin teflon windows as uniformly as possible, and the
aluminum cell was sealed. In later runs, the same amount of compound was
mixed with TFE Teflon powder previously dried at 100°C. The uniform
mixture was pressed in an optical die and the resulting compact was placed
on the teflon windows and sealed. These compacts later proved to be
highly oriented, such that the graphite c-axis was parallel with the
X-ray beam propagation. Thus by pressing, we produced a sample which
had greater structural integrity, had hopefully more uniformity, and had
a highly preferred orientation.

Data were collected at SSRL under the same‘conditions as mentioned
in Chapter 5, and analyzed in the same manner,

Edge Studies

Figure 6-1 shows an assortment of pre-edge white peaks over a
range of 50 eV. It is quite apparent that the C10 8AsF5 shows two
peaks characteristic of As(III) and As(V). The AsF5 peak clearly
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falls lower in energy than the CIZASFE and the As(V) peak of
C10.8ASF59 Table 6-1 gives the white peak energies for a series of
compounds, and also shows that the peaks in CnAsF5 occur at the AsF3
and Ang energy positions. Figure 6-2 compares other Ang peaks
with the graphite—Ang spectrum.

These pedk assignments have been questioned on a variety of grounds.
Some have wondered if the low energy peak may be a shake-up satellite due
to the core hole excitation. Shake up processes have been shown to be
insignificant in K-shell absorpt‘iona6 A shake-up would manifest itself
as a small sideable peak above the As(V) peak. This suggestion does not
explain the lower energy peak in CnAsFS. It would also seem implausi-
ble that one would see this "shake-up" only in the graphite/AsF5, but
not in any other arsenic fluoride species studied.:

Some have questioned whether the peak ascribed to As(III) might not

be As,05 due to air leaks.’

The EXAFS x(k) of A5203 was presented in
Fig. 5-11 of Chapter 5, as well as the R space transform which clearly
shows two shells, the second of which is the more intense. Later in this
Chapter, x(k) and R-space transforms will clearly show the presence of
only one shell: If A5203 were present in the sizable quantities suggested,
it would have appeared in the EXAFS. A5203 is not present in these
samp les. _

Another challenge to the assignment has come from the suggestion
that one is seeing a split band.8 Since this band appears near the

arsenic K absorption edge, it must be from As-As or As-C bonding. This

suggestion is highly unlikely for several reasons. First, the As(III)
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or As(V) orbitals, which are not involved in bonding to fluorine, would
be bound close to the highly charged arsenic. Since the nearest carbon,
(which is also positive and thus its PZ orbital will be contracted),
would be ~ 4.0 A away, and the next nearest As would be ~ 5.0 A away,
any overlap would be miniscule. Second, later EXAFS data show only one
nearest shell (of fluorines), with no hint bf an As-C or As-As bond at
larger R. Third, the suggestion of a split band would seem to fail to
explain why C:ASFE fails to show any sign of a split band, or why
the fluorination of CnAsF5 removed the lower energy peak. For these
reasons, this split band proposal is highly unlikely. The only plausible
assignment for these peaks is that of As(III) and AS(V)°

While not questioning our assignment of these peaks as being As(III)
and As(V), some have wondered whether these peaks are truly represen-
tative of As(III) and As(V) in ratios of 1:2. 1In Fig. 6-3 is shown a
fit of AsF3(g) and CIZASFE as standard ff1es to the ClOQSASFS unknown
file. The result showed 40% ASF3 and 60% CIZASF', The anticipated

6
half reaction would have predicted 33% ASFy and 66% Cy ,ASF

69
produced absurdly poor fits., Fits using AsF3, AsFS,

Fits with
AsF3 and ASFS(g)
and szAng as standard files gave an insignificant contribution of

AsF5 (¢ 5%). One should not place too strong a quantitative emphasis on
these numbers though. On several other CnAsF5 samples, the As(III) peak
was reduced relative to the edge pump (Fig. 6-4). The fits gave 20%2% AsF3
and 80% Cleng on all samples. AsF ¢ did not contribute significantly in

any file (< 5%).
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One plausible alternative for the drop in As(III) intensity would
be that AsF3 had been pumped out of the graphite. A test of this
idea was made on the compact of C798A5F5. After having collected
data on the compound, the sample was carefully removed from the cell in
the Drilab and placed into a metal can. This sample was then put under
dynamic vacuum for three days, in order to pump out some of the inter-
calant. The intact sample was then reloaded into the cell and more data
was collected a week later. The edge jump had decreased substantially
(~ 20% to give ClOASFS)’ thus showing that arsenic had been removed.
However, the ratio of white peak heights remained the same. This result.
is consistent with other reports that the principle volatile from
C8ASF5 is ASFS. McCarron has shown that in the initial pumping
period, Ast is the principle product.9 Upon further pumping, the
quantity of AsF3 gradually increases relative to AsFS. This particular
sample may not have been pumped 1ong enough to see a significantly large
decrease in the As(II1) peak. The experiment does imply that the initial
pumping time is not critical to the As{III) peak intensity.

An alternative explanation is the As(III) peak is polarized.
This explanation would imply that the AsF3 molecules are specifically
oriented within the graphite layer. Changes in the average orientation
of the graphite planes with respect to the polarized X-ray peam wouldbe
expected to change the As(IIl) peak intensity. A piece of graphite
(5cm x lem x 0.025cm) was reacted with AsF5 to q composition C8.7 ASFS.

This large piece was mounted between Teflon sheets within a rotatable
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aluminum cell. The graphite chip was oriented so that the plane was
parallel with the electric vector (0 degrees). The chip was then rotated
so that the ¢ axis would have a component along the electric vector. In
Fig. 6-5 are shown the edge region Mgx for four angles ~. The As(III)
peak does not change significantly in amplitude relative to the edge
height. The As(III) peak does not change in height depending on its
orientation. The most prominent feature is the considerable broadening
of the high enekgy side of the As(V) peak. Because AsF3(g) did not show
a second strong white peak in this region, the broadening must be due to
an As(V) species molecular orbital. Using the polarization equation

Moy = (u"cosze + plsinze) t/cose
for ¢ = 0, uOX = u,t where t is the perpendicular thickness of the
graphite~AsF5 chip. By correcting for the changing path length x, one
can isolate oot by subtracting the appropriate files. The resulting
ugot is shown in Fig. 6-6. The higher energy peak appears prominently.
The lower peaks occur at the same positions as in Mgy> 35 in the earlier
data. Table 6-2 gives a summary of the peak positions relative to A5203.
Two conclusive results of this polarization study are that the As(III)
peak is not polarized, while the As(V) peak has a polarization. This
polarization on the As(V) limits the validity of quantitative edge fits to
carefully matched standards and unknowns. Since all pressed samples were
highly oriented (such as the C12A5F6 used as a standard), and the ASE3(9)
has no polarization, fits to the oriented powder CnAsF5 using these

standards are well matched. The fitting values should be quantitative.

A discussion of the significance of the higher energy peak is given below.
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EXAFS Results

Figures 6-7 and 6-8 show representative X(K) spectra and R space
transforms for graphiteaAng, graphite-Ang with several standard
compounds discussed in Chapter 5. Samples E and F and AsF3 are probably
the samples with the best signal to noise, and data were collected to a
higher energy. However, in order to have comparable analyses, all files
were used using data only to K = 15, For all samples, Figure 6-8 shows
only one prominent peak in R space, and the remainder is background noise.
One sees that the worst signal to noise in Figure 5 give the most back-
ground noise in R space.

The analysis of the graphite spectra was done in the identical manner
as in Chapter 5. The R-space peaks were windowed and inverse Fourier
transformed to K-space to create x3(K). XB(K) was then fitted using

10 which worked so well on the standards. Fits

the method of Teo and Lee
with amplitude both present and removed were made, and error ellipses
were calculated.

Table 6-3 shows the As-F distances and error limits for the graphite
compounds. All CnAsF5 except D show average bond distances ~ 1.705 A,
while CIZAng gives 1.715 A, We were not able to distinguish AsF3 and
Ang bond distances in the CnAsFS, and we would not expect to do so.

In Chapter 5, we failed to distinguish the two distances in AsF5, which
differ by 0.05 A, whereas in AsF3 and Ang, the difference is at most
0.02 A. The fact that the CnAsF5 were generally shorter in distance than

C;Ang is consistent with AsF3 having slightly shorter bonds than AsF6
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Only (CIO,SASFS) showed a longer bond than the CIO.SASFE’ but

ClO.SASFS had a poorer signal to noise ratio, which may affect the
distance. The sample of C1058A5F5 + F2 at first appears to have too

short a distance compared to C12A5F6, but the lo error bars nearly overlap.
Since the ClO.BASFS + F2 data was taken on a different beam line,

with a different monochromator resolution from the rest, variations in

the third decimal place may well be expected.

What is most significant in Figure 6-9 with the lo error ellipses is
that all of the graphite—AsF5 and graphiteuAng distances fall in the
region where AsF3 and AsFE features occur, and'they do not fall in the
region of gaseous AsFS. We feel the results are compelling, on the
basis of both As-F bond distances and on pre-edge white peak position,
that a "gaseous", trigonal bipyramidal AsF5 is not present in the graphite.
This proposal has been suggested in order to interpret NMR Tinewidths in

graphite~AsF5 at room temperature.11

It is also significant that we see

no detectable change in bond distance as the temperature is lowered through
a phase change reported at ~ 220 K. This phase change and broadened NMR
relaxation line width has been ascribed to a more ordered state forming.

- We can say that, if ordering is occurring, the species which are ordering
are the same as those present at room temperature. Thus we can eliminate

any temperature dependent equilibrium of 2 e + 3 AsFS( —> 2 AsFg + AsF

g) 3°

As one final point, we fail to see any As-C or As-As bond distance.

For CnAng, this absence was not too surprising, since the arsenic is

surrounded by fluorines and the next nearest neighbor really is not "seen"
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by the arsenic. Because As-As scattering does give about 6 times greater
scattering amplitude than As-F, and because there must be ~ 6 As around
each As at about 5 A, one might expect an As-As scattering to be almost
equal in intensity to the As-F scattering. That we don't see any As-As
~ bond formation clearly shows that no As-As interaction is present to cause
a split band on either CnAsF5 or C;Ange In the CnAsF5 case, one might
have expected the arsenic of AsF3 to see the carbon atoms. However, the
theoretical scattering of carbon is approximately half that of fluorine.
The amplitude of scattering goes as 1/R29 so that a carbon ~ 4 A away
would contribute only ~ 18% of the scattering that a single fluorine
1.7 A away would contribute. Since the amplitude also is a function of
the number of scatterers, while there are ~ 5 F/As, there would only be
~ 1C/3 As (1 ASF3), which would be a 15 fold reduction.  These three
combined factors would argue that any contribution of As-C to the X(K)
amp litude would be about 1% of the As-F amplitude contributfon, and
probably would not be seen. Thus while we cannot eliminate the possi-
bility of As-C bond formation, we do not see any evidence for it. Such
bond formation would be implausible chemically. Lone pair donation of
electron density back to the carbons is feasible chemica]]y, but we see
no evidence to support it.

From the fitting amplitude parameter (= N (cosze>/R2), the number of
nearest neighbors can be calculated. As a quick initial measurement,
the ratio of the amplitude of CnAsF5 with CnAsF6 gives the expected ratio

Nl/N2 of 5/6 in most samples. However, using AsF3 as a standard reference

(as was done in Chapter 5), all values of the number of nearest neighbors



109

are low. CnAsF5 gives 3.7-4.1, and CnAsF6 gives 4.5 F per As. A calcula-
tion of (cosze) for a highly oriented pressed Teflon pellet failed to
correct the amplitude for the low values of N. Low amplitudes have been
- shown to be caused by sample inhomogeneity. For instance, 5% pinholes in
a sample would give a 20% reduction in amthude,12
One can only presume that sample inhomdgeneity in the presssed Teflon
samples is the cause of the lowered number of nearest neighbors.
Discussion
A summary of these X-ray results yields a composite picture. The edge
features indicate As(III) and As(V) in ratios of approximately 1:4 rather
than the 1:2 expected for the AsF5 half reaction. This factor implies
that the half reaction proceeds from 60% of the AsF5 molecules. The
remaining molecules have not been identified conclusively. These mole-
cules are not gaseous trigonal bipyramidal AsF5 molecules (tbp—AsFS)°
The AsF5 gas peak falls about one eV below the Ang peak in energy.

A tbp-AsF. does not have a polarized peak about 2 eV above the initial

5
peak. The fitting routine failed to use a gaseous AsF5 standard in
fitting a CXAsF5 sample.

The only chemically plausible species, other than the AsF3 and Ang,

is a square pyramidal AsF5 (sp—AsFS){ Only an sp-AsF5 acts as a Lewis acid

by accepting electron density into the empty orbital extending along its

fourfold axis. Numerous SbF5 and SbCl5 adducts with Lewis bases are

13

known where a square pyramidal SbXy is formed. The sp-AsFg is less

well characterized, FlgNMR of the CH3CN-A5F5 adduct in solution showed
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a square pyramidal fluorine ar'rangement.14

The octahedral ion Ang can
be considered as the sum of six canonical forms of an sp-AsFg coordinating
a fluoride ion. To our knowledge, no X-ray structure of a non-fluoride
ion donor with AsF5 is known.

The most plausible orientation of the sp--AsF5 is with its fourfold
axis pointing toward a neighboring fluorine., With this orientation, the
sp—AsF5 can fill a lattice site in a manner similar to an Ang. This
sp—AsF5 has the same geometry as an Ang molecule missing a fluoride
jon. Alternatave orientations of the fourfold axis along a or c are
unlikely. The graphite system has been oxidized, so that it has lost its
Lewis basicity. The AsF5 would not seek to coordinate toward the graphite
by orienting along c. The molecule is too thick to coordinate along a
unless the arsenic is pushed out of the plane of the fluorines. In this
orientation, there exists no base with which to coordinate.

The presence of this oriented sp-—AsF5 is also consistent with the
polarized edge data. In this orientation, excitations from the 1s into
this empty "acidic" orbital would be seen in all directions due to the
orjentational disorder around the c-axis. A component of this excitation
would be seen at all angles between O and 90 degrees, and this As(V) peak
appears to be present at all angles. Because this peak is most prominent
at 90 degrees, when the electric vector is along ¢, the sp—AsF5 must be

oriented at an angle closer to the c axis than 54 degrees. At 54 degrees,

all orientations would give the same component of this transition, and
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thus the spectra would look alike. That the spectra do not look similar
as a function of angle can only be explained by a larger component along
¢ than a.

Earlier, an estimate of the degree of oxidation of the graphite was
made based on the edge fitting routine. This estimate can only be of
qualitative use, because those fits did not'take into account the intens-
ity of the sp-AsF5 transition. A very strong transition would hint that
only a small amount of sp—AsF5 was present, while a weak transition would
require a sizable amount of sp«AsFS. Only if the transition has the same
intensity as an Ang would that estimate of the degree of oxidation be
accurate,

The position of this transition above Ang is also reasonable. If an
sp-AsF5 had its acidic orbital below the Fermi surface, electron donation

from the graphite would occur and "Ang" or "AsF5 species would be

15

made. These species are unknown, > and magnetic susceptibility showed

no evidence for a Curie-Weiss paramagnetic susceptibility of Ang.l6
AsF5 is weakly bound within the graphite, as supported by the evidence
that it is pumped away from a first stage C8A5F5 material. This weak
binding is consistent with the transition into the empty orbital. Very
little electron donation into the orbital is made. The Lewis acid-base
binding would be weak, because the electronegative fluorine would be a
poor electron donor. Lastly, théoretica] calculations of the valence
orbitals of the tbp—AsF5 and sp—Ast have been performed.17 These calcula-
tions placed two empty orbitals of the sp-_AsF5 above the related tbp—AsF5

empty orbital. One orbital which is polarized within the plane would fall
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under the Ang peak and would contribute to the Ang peak at 0 degrees.
Upon rotation, this peak should decrease in intensity, as is observed in
uXg g The second higher orbital would lie roughly where this polarized
transition occurs. A comparison with these calculations can only give
qualitative support, because no correction for the core hole was made.

The total evidence does make the position of this transition above tbp—AsF5
reasonable.

The presence of some sp—AsF5 js also consistent with other data.
McCarron has shown that the C:MFg stages as ClZnMFG’ while CxAsF5 stages
as anAsFS.9 These staging patterns parallel the degree of oxidation
if the ASF5 half reaction occurs. The AsF5 half reaction must go to com-
pletion at C16A5F5 (024) in order to fit this pattern. However, the
half reaction is not required to go to comp]etjon at C8ASF5. Neutral
AsF5 may fill a part of the galleries along with AsF3 and Ang once
the galleries have opened up to a first stage. Therefore C8AsF5 is
not required to be CIZ because C8nAsF5 is merely the space-filling
1imit. A second comparison can be made with the oxidation strength of
the AsF5 half reaction (see Chapter 8). The strength of oxidation per
electron of the half reaction is 121 kcal. This value falls above the
threshold value of ~ 110 kcal, yet below the lowest value for CgMFg.
While this does not prove that an oxidation up to CIZ is impossible, it

does show that the oxidation reaction may cease before reaching a 1Timiting

composition of C;Z(Ang e%.AsF3)e
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The presence of sp—AsF5 also provides an alternative path for rapid

fluorine exchange.ll

Gaseous AsF5 is a fluctional molecule and one
intermediate geometry is the square pyramid. The electron donation to
ASF5 would stabilize the square pyramid form as the ground state, but

the molecule may still be fluctional. Exchange of fluorines on Ang and
sp-—AsF5 could be facile with the sp—AsFS's acidic orbital pointed toward
the fluorine of an Ang (Figure 6-10). This fluoride could then trans-
fer through an "AsFS—-F’—-AsFS" transition state and become attached to
the sp—AsF5. This mechanism effectively exchanges the sp--AsF5 and Ang
as well as exchanging the fluorines. Because neutral sp--AsF5 is present,
the oxidation ha1f—reacfion must now be near equilibrium with respect to
the graphite. This equilibrium implies that there is little thermodynamic
contribution to an activation energy of the reverse half reaction. Only
kinetic factors, such as an activation energy for rearrangement of fluor-
ines on AsF3 and Ang to make sp—AsFS, can slow such a reversal.

This second mechanism of oxidation reversal can exchange the fluorines

of As(III) and As(V). One would expect this second mechanism to be
slower than the first reaction. Both mechanisms for rapid fluorine
exchange must occur if the fluorines on As(III) are not seen on the NMR

time sca]e.18

Ebert's failure to see rapid fluorine exchange between
AsF3 and Ang in solution does not satisfy the requirement of a source
of electrons (the oxidation reversal mechanism) or of sp—AsF‘5 (the As(V)
fluorine exchange mechanism.)19 Temperature dependent studies of the

CnAsF5 may show these different mechanisms, and the addition of some
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sp—AsF5 (such as in CH3CN—ASF5) to some Ang in solution may show this
AsFS—AsF6 exchange. )

Lastly, the XPS data on CnAsF5 has been interpreted in terms of a

20 Theoretical

tbp—AsF5 molecule being present within the graphite.
calculations of tbp=AsF5 and sp—AsF5 orbitals place the highest occupied
orbitals in the same energy range,17 A set of XPS peaks assigned to
tbp—AsF5 could be from sp-—AsFS° This "ASFS" peak disappeared upon
pumping, leaving a spectrum of Ang with AsF3, This disappearance would
be consistent with the weak binding of an sp-AsFSf

In conclusion, the bulk of the data on CxAsF5 is consistent with the
proposal that the oxidation half reaction occurs up through Cl6AsF5, and
beyond that stoichiometry some neutral ASF5 is’present. The X-ray edge
fits and polarization, as well as the observed chemistry, supports the
proposal that the neutral AsF5 is present in a square pyramidal form
which can have a very weak Lewis acid-base interaction with the oxidized
graphite. The source of the high conductivity of "CxASF5“ must be due

to oxidation of the graphite by the proposed half-reaction. Trigonal

bipyramidal AsF5 has not been seen within the graphite.
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Table 6-1. Edge Peak Positions

As203

AsF3
AsFg

XeF*AsFg
+
XepF3AsFg
v
07AsFg

Cs*AsFg
Na*AsFg
+ -
C10F gAsFg
+ —
CeFpAsFg
CNASFg

C10.8AsF5 + Fp

As(IIT)

11867

67

11868.
68.
68.
68.

.90
67.
68.
67.
67.
68.

54
16
64
44
09

.67
68.

45

67
24
80
96

AsFg AsFg

11874.25
74.15

11875,
75.

75
75

75.
75.
74,
75.

11875

11875

75.
75.

75,

38
12

.82
.43

26
24
70
21

.48
75.

37

.33

19
55

55
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Table 6-2. Edge Peak Energies of Oriented ChAsFg Chip

As(III) (shift from As(V) (shift from
energy As»03) energy As»03)
Aso03 11863.6 0
Cg,7AsF5
0 degree 11864 .7 1.1 11870.7 7.1
0 11865.0 1.4 11870.9 7.3
15 11865.0 1.4 11871.0 7.4
15 11865.0 1.4 11871.0 7.4
30 11865.0 1.4 11871 .4 7.8
45 11865.0 1.4 11870.7 7.1
11872.0*% 8.4
45 ' 11865.0 1.4 11870.7 7.1
11872.0* 8.4
”got peaks
calculated
from uggx 11865.2 1.6 11870.5 6.9
11873.6 10.9
from u3gX 11865.4 1.8 11870.5 6.9
11873.2 9.6

*The fitting routine found two shallow maximums in the original data,
separated by 1.3 eV. Only in the subtracted files was the higher
energy peak found about three eV above the Tower As(V) peak.
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Table 6-3. EXAFS Results

With Amplitude Without Amplitude
Removed Removed
R Eo ~11800 R By -11800 N A o
CIO 8ASF5 1.725(5) 90(2) 1.725(12) 90(2) (3.7) .6278 -.00131
-50C ' . .6955 -.00106
-100C (3.5) .5939 -.00022
Cg sAsFg 1.706(3) 90(2) 1.704(11) _88(5) 4.1 .7018 ~.00047
C9 5AsF5 1.705(4) 87(2) 1.703(12) 86(5) 4.4 .7685 -.00137
-93C 1.700(5) 86(2) 1.698(13) 85(5) 4.4 .7618 -.00082
C7 ghsFg 1.708(5) 89(2) 1.706(12) 88(5) 3.8 .6598 ~.00009
1.708(5) 89(2) 1,706(12) 88(5) 3.7 .6463 -.00007
-140C 1.707(4) 89(2) 1.705(12) 88(6) 3.6 .6297 .00071
C16.2AsFs 1.712(6) 87(2) 1.711(13) 86(6) 4.4 .7562 ~.00080
C10.8RsFg ‘
1.698(8) 87(4) 1.696(14) 86(8) (4.2) .6920  .00024
(C12.8RsF5 + Fp) '
C12A5F6 ©1.715(6) 89(2) 1.714(12) 88(5) 4.5 L7781  ~.00075

-140C 1.7149(5) 88(2) 1.712(12) 87(5) 4.4 .7479 ~-.00005
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Figure 6-2

As Edge Features of Various Ang Compound s

i i i

NaAsF

n(1e/}) - PRE-EDGE

{ ]

11.870 11.8%0

E(KEV)

XBL 8012-12847



.500

.000

.500

.000

.500

In(X</;)- PRE-EDGE

.000

800

.000

122

Figure 6-3
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Figure 6-4
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Figure 6-5
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Figure 6-6

U

90t Derived from Oriented CxAst Chip

11832

.;
-~
". R
Seagapi " oo © 0008000 00,
R 4
g
2 2 p— 2 2, A 5
o L] N o 1A & [om) N 5 -4
[3t] g w el 0 I s2] w o O
@ @ @© oe] @ ] vs} 2] m o2}
Lol Ll -4 -4 =g ed -4 Ll 4 -4
-4 Lol w4 L] 4 4 g Ll -4 4

ENERGY E(EV)
XBL 8012-12855



k2X(k)

126

Figure 6-7

i

|

.000

&.000

0
- K(17R)

12.000

i8.000

XBL 798-10996A



127

Figure 6-8
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Figure 6-10
CnAsF5 Fluorine Exchange Mechanisms
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CHAPTER 7
Preliminary X-ray Absorption Studies of

"CxBrF3" and CXGeF5_6

A study of the graphite plus BrF3 reaction was made in view of the
conflicting results from other groups. Work of Opalovskii et a12 gave
evidence that Cg.gBrF3 was formed when graphite was immersed in BrF3
liquid at 0°C. They observed no Brz evolution, their FlgNMR work
implied fluorines on Br(1II), and their elemental analysis gave Br:F as
1:3. Parallel work by Nazarov et glz with C'IF3 gave C1:F as 1:4, and
they characterized their producf as CZC]FZ. Work of Selig et a13
with BrF3 gave very uncertain elemental analysis which yielded a composi-
tion "C24BrFl3“. Br2 was evolved during the reaction, which the authors

ascribed to fluorination of the graphite. F19

NMR showed a significant
shift from BrFB's signal, in contrast to Opalovskii's result.
An alternative reaction path involving oxidation of the graphite is

proposed in this work. This BrF3 half reaction

+ 28"
4BrF3(g) Je —» BBfF4(g) +1/2 BrZ(g)

is seen in the reaction4

6KCT + BBY'F3 — 6KBY‘F4 + Bry, * 3/2 C12.
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Apparently this half reaction is at least strong enough to oxidize
chloride to chlorine. Estimates of aH(kcal)/e™ (in Chapter 8) give
-142 kcal/e”. This value is above the value for the AsF5 half
reaction, and thereby appears to be a plausible oxidation reaction to
occur with graphite. It would explain the evolution of Brz, and the
parallel C‘IF3 reaction would explain the evidence of CIFZ seen

by Nazarov. If the Br2 were retained within the graphite, then a
Br:F ratio of 1:3 would be observed.

The use of X-ray absorption seemed ideal to resolve the question
which species is present within the graphite. If the graphite were
fluorinated, and the Brz were retained, then a signal of Br2 would
be expected. Edge shifts of Br(0) and Br(III) should be widely
separated, so that if mixtures of the two were present, they would

5 and CXBr6 X—ray

both be visible. Comparisons with previous Br2
absorption studies could be made. If the edge studies alone could not
distinguish BrFZ from BrF3, then the Br-F distances are significantly
different (1.89 A vs 1.78 R) that the EXAFS analysis should be able to
distinguish the species. The experimental plan was to examine Brz(g)
as a Br(0) species and uniform Br-Br standard for nearest neighbor
determination. BrF3 has too small a vapor pressure to be a good sample,
S0 K+BrF; was used as a Br(III) edge sample. K+BrO§ and BrF5

would be taken as Br(V) standards for edge studies. The BrF5 would be

the uniform sample to derive Br-F EXAFS amplitudes and number of nearest

neighbors. If the BrF5 decomposed, one would still have the bromate
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salt as a Br(V) sample. Both in theoretical expectations and in experi-
mental details, the study using X-ray absorption appears quite promising
in resolving the question which species is within the graphite.

The samples were prepared in the following manner. KBrO3 and Br2
were taken from analytical grade samples from Mallinckrodt. These two
samples were used without further purification or characterization.
Bromine trifluoride was taken from Matheson (98%) and the residual bro-
mine was slowly fluorinated up to golden yellow BrF3. A slight discolora-
tion of Brz'was maintained to ensure the absence of BrFS. The sample was
pumped at vacuum at -22°C to remove any trace F2 or BrF5° The remaining
BrF3 had a vapor pressure.below 20 torr. The room temperature vapor
pressure is reported to be 8 torr, while Br2 and BrF5 have significantly
higher vapor pressures. KBrF4 was made in an Argonne tube by adding BrF3
to analytical reagent KF (Mallinckrodt). The powder pattern of the solid

7 and no KF

product after pumping off excess BrF3 was similar to K+AuF£9
was present, BrF5 was prepared by fluorinating BrF3, and separated from
the BrF3 by distillation.

Three graphite samples were prepared (Table 7-1) and two were taken
for X-ray absorption studies. One powder was placed within a FEP tube
inside an Argonne tube. This arrangement hoped to keep the BrF3 1fquid
off the graphite. Some powder escaped from the FEP during removal of the
BrF3 three days later. Much Brz was evolved, Gravimetry presumed from
weight uptake Br‘F3 gave CZZBrF3. Elemental analysis for C, H, N, and Br

gave a result similar to that observed by Selig. Similarly, the powder

pattern showed four lines at 7.07, 5.39, 2.11 and 1.24 A. The latter two
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lines are graphite (100) and (110). The two larger lines may be the (Odl)
and (002) lines of a first and second stage material respectively. This
assignment requires c-spacings of 7.07 A and 10.8 A for these stages.

This assignment would give a thickness of 4.1 A for the intercalated
species in the second stage, and 3.7 A for the first stage. The breadth
of the lines leaves a sizable error in the determination of the actual
thickness. The presence of lone pairs on BrF3 or BrF; makes a quantita-
tive prediction difficult. Due to the uncertain analysis, X-ray absorp-
tion studies were not collected on this sample.

A graphite chip was placed in the Argonne tube lengthwise and a small
amount of BrF3 was admitted to the bottom of the tube. Overnight, the
solution darkened due to Brz evolution. The solution was pumped off, the
fresh BrF3 was added. This process was repeated daily for three days,
until no further discoloration occurred. The gravimetry gave "C6BrF3",
and the sample was a dull blue/grey. This sample was quickly placed into
the EXAFS rotating cell in the Drilab. No elemental analysis was performed
on this sample.

The value "CsBrF3" is interesting for structural reasons. For a BrF;
jon, the volume of 4 fluorines is 76 83. For a thickness of 4.1 R, the
area taken up by a BrF; would be 18.5 ﬂz, which would give a limiting
composition of C;BrFZ, A "CGBrF3" compound would be a CG.BBrFZ by gravi-
metry. This limiting composition appears odd, though, because a hexa-

fluoride having an area of three fluorides has a limiting composition of
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C8MF6° It may be that the BrFZ are tilted with respect to the graphite
plane. In Tlooking at the oxidation strength Bf the BrF3 half reaction,

which is less than that of IrF_. (Chap. 8), it is doubtful that BrF3 could

6 (
oxidize the graphite completely to C;a One might thus expect to find
some BrF3 left inside the graphite, which would be difficult to pump
out due to its low volatility. A mixture of BrF3 and BrFZ would thus
appear to be the plausible composition giving a limiting gravimetry of
“CGBrF3".

The third preparation had graphite powder within a FEP tube with
BrF3. After 7 days, the powder gave gravimetry of "Cl3BrF3", while
elemental analysis gave C13‘7BrF4a49 The powder pattern showed only
one broad band at 6.7 A which could not be ascribed to the graphite (hk0)
lattice. At thjs point, the prospect of characterizing the reaction
product as containing BrFi appeared good.

In Table 7-2 are'the X-ray edge peak energies. The BrF5 sample had
clearly decomposed to Brz, while the C13BrF4 had apparently hydrolyzed
to CXBr. The Brz gas standard showed negligible energy shifts. Figure
7-1 shows the edges of representative sample scans. Br(III) and Br(V)
are 4.7 and 7.7 eV above the Brz white peak. The Br2 white peak is
usually ascribed as a transition to w*o The "CGBrF3" showed neither new
peaks nor broadening of its white peak upon rotation. The edge jump at
13480 eV scales as 1/cose for the 0° and 45° oriented samples. (134890 eV
was the energy at which the Bell Lab's EXAFS analysis picked E = O for

the photoelectron.) It is apparent that the bromine oxidation state in
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"CsBrF3" is Br(III), and yet Brz was evolved in the preparation of the
compound. The proposed half-reaction is consistent with the edge evidence,
although the presence of BrF3 cannot be excluded.

The EXAFS anaylsis was handled in the same manner as the arsenic data
except the following four details. First, there was no readily available
interactive computer program to remove spikés in the EXAFS. These spikes
can come from non-linear responses in the ion chambers to fluctuations in
beam intensity. These spikes should not significantly affect the anal-
ysis, because the spikes should appear at a radically different position
from the windowed R-space region of the bond distance peak. The back
Fourier transformed K-space EXAFS signal, on which the fits are performed,
showed no evidence of the spikes. Second, the error ellipsoid program,
which gave the distance and error in the arsenic case, was not run. For
these bromine values, no calculated error estimates are possible. By
comparison with the known standards, the errors are taken to be * 0.010 A.
Third, all values given here are from individual data scans. In the
arsenic case, three or more scans were added in order to improve the
signal-to-noise. That the R-distance errors are so small on individual
data files shows each file to be of high signal-to-noise quality. Lastly,
for the bromine compounds, an initial E0 choice was used for a prelim-
inary Bell-Lab's analysis to CxBrF3. This E0 generated a better EO'

which was then made the initial E0 choice and the analysis was repeated

to give Eo"° When EO" varied from Eo' by 2 eV for Br(III) compounds,

that EO' was used for the other compounds. Using that Eo', the final
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EO" values for Br(0) compounds were 7 eV lower in energy, while the Br(V)
compounds were 20 eV higher. These shifts in Eo” from EO' are much

more reasonable than those in the arsenic work, where a poor initial EO
guess was used and the program shifted EO" to 60 eV Tower energy. The
iterative approach used here gives a more self-consistent Eo". In all
other details - background smooths, transform and filter window ranges,
etc. - this analysis paralleled the arsenic work.

Table 7-3 gives the values from the EXAFS fits. The fitting function
~always had slightly lower values for the smoothed background removal than
for the Victoreen division. There was no change in the R-value between
the two methods, although the amplitude changed slightly. The values for
the smoothed background analysis are quoted.

On all the standards, the bond distance found in tge EXAFS analysis
agree within 0.01 A. The comparison of observed and calculated fits over
the range K = 5.5 to K = 13.5 was excellent. The Bell Lab's theoretical
phase parameters worked superbly. The two graphite compounds give dis-
tances which differ from those expected distances. In the CxBr, the
distance varies slightly from those EXAFS distances reported previous]y.6
However, the Br-Br bond is longer than in gaseous Brz. The Br-F bond dis-
tance in "C6BrF3" is not in agreement with the Bng hypothesis. The
bond distance is much closer to the average value for BrF3,8 From this
limited evidence, the majority of molecules appear to be BrF3, The ampli-
tude information is very unreliable in giving the number of nearest neigh-

bors. Because the BrF5 sample decomposed, there was no uniform standard
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for the Br-F amplitude. Comparisons using the BrFZ salt are tenuous
because the sample was not known to be homogeneous. In comparing the 0
and 45 degree sample amplitudes, one finds that they do not scale at cos2
45, Since the edge jump did scale properly, the source of this discre-
pancy is not known. Using the BrFE salt as a standard, one calculates
N =2or 3.4 for the 0 or 45 degree samples. The amplitudes are reported
here so that if a BrF5 sample is run, its amplitude can be compared with
these values.

In summary, the preliminary EXAFS evidence does not conclusively
resolve the species present inside the graphite. The proposed half
reaction is consistent with the evidence that Brz is evolved and a
Br(IIIl)-F species is present within the graphite. The Br-F distance
implies that a substantial portion of the species is BrF3. Further work
is necessary to definitively characterize the species. Examination of a
fluorinated CXBrF3 would be useful to insure that one is looking at a
BrFZ species within the graphite.

Graph‘ite/GeFS_6

An initial X-ray absorption study of the graphi'te/GeF4 + F2 system
was also begun. Interest in this system is based on the probable forma-
tion of Gng and Gngz jons within the graphite. While the Gng jon

appears stable to vacuum, the amount of Gng2 is fluorine pressure

dependent. Thus an equilibrium

S ., -2
GxGeF5 + O.SFZ‘—> Cx GeF6
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d.10 In order to characterize these two ions (the

has been establishe
GeFE is poorly characterized in the chemical literature), X-ray studies
were undertaken to identify the species present within the graphite. One
~question that might be posed is whether the possible equilibrium

2

ZGeF5~—+-GeF4 + GeF6

occurs.
-2

Samples of GeFQ, n—Bu4N+Gng, KZGeF6, (BrFZ)GeF6 . CxGeFS,
CXGeFS under F2 pressure, and "Ger" were prepared and chemically charac-
terized by G. McCarron and T. Mallouk. Sufficient material was loaded

into the standard cells to give a path length for ny = 2. The CXGeF6 was
loaded on the Teflon window of a gas IR cell which was then filled with FZ'
The Wiggler line at SSRL was used, and data was collected across the edge
region in ~ 0.3 eV steps. GeF4 was used as the energy reference sample

and was examined periodically during the day to check for drift in the
monochrometer energy across beam dumps. Radiation heating of the crystal
monochromgtér caused some problems, and may have affected the energy scale
slightly.

In Table 7-4 are the energies of the white peaks. Two facts are
apparent, First, there was some shifting of the GeF4 energy reference
peak. Since there were few peam dumps, this energy error may be due to
heating of the monochromgtér crystal. This heating can slightly alter the

d-spacing used in the crystal to select the X-ray energy. The crystal may

also sightly fall off its rocking curve, which would affect the energy
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values. Second, the Gng and Gngz peaks group near one another about

2.5 eV above the GeF4 peak. Figure 7-2 gives representative spectra,
which also show that GeF4 falls below the energy of the other Ge(IV)
compounds. This energy difference from the GeF4 is more apparent when

thé shift from the nearest GeF4 spectrum is used. With the scatter in the
energy shifts, which are only of the order bf * one data point, it is not
obvious whether the Gng peak falls at slightly higher energies than

2

Gng . In comparing the CXGeF5 and CXGeF6 samples with the standards,

it is clear that GeF4 is not a significant fraction of the species within
either graphite sample.
The "Ger" sample gives evidence of being a mixed valence Ge(II)-

Ge(IV) species. The X-ray powder pattern did not match the pattern of

11

authentic GeFZ, nor of other reported GeFx species. The identity

of this compound is still undetermined. Attempts to prepare the material

again have failed. Most likely, the sample is GeF+GeF5

++ =
or Ge GeF6 (GeF3) or
+ =
(GeF )2 GeF6 (Ge3F8)9
The EXAFS data collected was of insufficient quality to perform an

adequate analysis. Further data must be collected.
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Table 7-1. Characterization of CyBrF3 Compounds

Final Compound Details of Synthesis

CosBrFii g

"CgBrF3"

C13.78BrFg.4

Powder reacted with
BrF3 vapor for four
days. Gravimetry
gave "Cp1 goBrF3".

Chip reacted with
fresh BrF3 liquid
daily for 3 days.

Powder reacted with
BrF3 liquid for 7
days. Gravimetry
gave "C33 1BrF3".

Elemental Analysis

C H

N Br

47.11 0.22 3.35 13.12

48.4 0.14

none

1.49 24.3

Powder Pattern

d(h)
.06 b
39b
11 graphite (100)
2

7
5.
2.
1.24 graphite (110)

none

6.76
2.13

v o

raphite (100)

i
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Table 7-2. Bromine Peak Energies (-13400 eV)

Bra(g)

BrFg (decomposed
to Brz)

C13.78F4 4

(decomposed to
CyBr)

K*BrFg

"CgBrF3" 0
00

45
K*Bro3

Br(0) Br(IIl) Br(V)

63.7

63.8

63.6

63.6

63.7

63.6

63.6

63.6

63.7

63.7
68.0
68.2
68.4
68.3
68.5
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Table 7-3. Bromine EXAFS Results

Compound

Bra(q)
Brfg (Bro)

C138rFg 4
(CyBr)

K*Bro3

"CgBrF3" 0
0
45

K*BrFq

Br-Br (A)  Known Distance
2.287 2.281, 2.296
2.281
2.285
2.283
2.299 2.34%

2.293

Br-0 (A)

1.692 1.68

1.686

Br-F (A)

1.758 1.89 (Brfg)
1.760 1.78 (BrF3)
1.776

1.900 1.899

1.897

Eq" (~13400)
72
74
73
73

74
72

107
103

78
79
81

89
87

Amplitude
(N cos~/RZ)

0.266
0.211
0.212
0.17

fe)

.275
0.210

0.0716
0.107

0.431
0.415
0.362
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Table 7-4. Ge Edge Peak Energies (minus 11100 eV)

Ge(I1) GeFy GeFs  GeFg2
Data Shift  Data Shift
from from
GeFyq GeFy
GeF4 1.1
1.9
1.9
0.8
0.5
1.7
1.8
1.7
RgN*GeF 5 2.6 1.8
3.1 2.2
3.1 2.2
CyGeFs g.g i,g
3.0 2.2
4.3 2.5
4.0 2.2
4.6 2.8
4.6 2.8
4.5 2.7
KoGeFg g.g %.g
3.4 1.5
3.0 1.3
C,GeFg g.é %.%
3.6 1.7
2.5 2.0
2.5 2.0
3.7 2.0
"GeF " 4.3
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Figure 7=}
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Flgure 7-2
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CHAPTER 8
A Thermodynamic Correlation Between Heats of Oxidation

Half-Reactions and Reactivity with Graphite

A variety of substances react with graphite to form intercalation
compounds. However, a rationale to predict which substance will react
with graphite has not been formulated. This lack of a consistent
criteria of reactivity has been most keenly felt among the so-called
"acceptor" compounds. Here the intercalating species accepts electron
density from the graphite to some unspecified degree. Two generalized
models have been developed to explain the reactivity. The first model
notices that many, but not all reactants are strong Lewis acids. The
acid accepts electron density to an undetermined degree. The second
model requires that a formal oxidation reaction, producing known chem-
ical species, is the proper chemical formulation. In this paper, a .
pattern of chemical reactivity is presented within the "oxidation"
model which incorporates the Lewis acid model and removes several
discrepancies in the Lewis acid explanation of reactivity.

In Figure 8-1 is shown a generalized thermodynamic cycle which de-
termines the components of the heat of formation of a graphite inter-
calation compound. W.F. is the work function of the graphite. V.d.W.
is the energy needed to separate a layer of graphite from 3.35 A to a
greater distance. UL is the "lattice energy" of placing a uninega-
tive ion of radius r_ between the expanded graphite layer. For a
given set of ijons with similar r_, each of the above terms are equal

for each ion. For these similar ions A™, the only term which varies
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is AHOX, which is a quantitative measure of the oxidation strength

of the molecule. This gas phase measure of oxidation strength can be
measured or calculated by alternative thermodynamic cycles. A compari-
son of similar known compounds' reactivity toward graphite with AHOX may
indicate a lower limit of —AHOX below which intercalation compound forma-
tion is thermodynamically unfavorable.

Reactions of Fluorine Compounds

In Table 8-1 are the electron affinities of some metal hexafluorides.
A1l have thicknesses of ~4.7 R inside graphite, except for UFg which has

3 7,8

~5.1 A, The -0 for MoF g> and UFg are known from ion cyclotron

6° WF

resonance (ICR) studies.

ReF6 and OsF6 are interpolated estimates based on the WF6 and PtF6
values. The PtF6 value comes from the lattice energy calculation and
heat of formation of OgPth.10 One sees a trend in reactivity depend-
ing on the oxidation strength of the metal fluoride. A limiting —AHOX
appears to fall somewhere between 105 and 115 kcal.

In Table 8-2 are the heats of oxidation of several Lewis acids with
Fo. The values for the pentafluoride monomers and BF3 are based on
thermodynamic cycles, while the WFG value is from ICR. The require-

ment of FZ for reaction is related to the Lewis acidity of these com-

pounds as shown below:
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AHOX(kca])

4+ 7 - -
(1) AsF5 \ F(g)'"°ASF6(g) 106

(2) 172 Fo o~ Fzg) ~ 64

(3) AsF5 + 1/2 F2 + e“-a+AsF6( -170

9)
Reaction (1) reflects the Lewis acidity of AsF6 as measured by its fluo-
ride ion affinity. Reaction (3) thus contains a measure of the Lewis
acidity, while being an oxidation reaction. First, it is significant
to note that reactions with graphite are known for all these calculated
AHOX, and that all values of “AHox are above the ~110 kcal "border"
Timit" apparent in the metal hexafluoride series. Second, one can see
why WF6 alone might not react the graphite, while wF6 + F2 would react
because it is a stronger oxidant.

In Table 8-3 are the heats of oxidation of a known pentafluoride
disproportionation reaction. This reaction is composed of the MF5 +
F2 reaction and the reduction of MF5 to MF3 + F2. A significant point
to notice is that the Lewis acidity of PF5 is virtually as strong as
AsFg, and yet PF5 alone does not react with graphite while AsF5 alone
does react. Reaction (2) explains this significant difference in re-
activity. PF5 is much more stable relative to PF3 than is AsF5 stable
relative to ASF3. AsF5 has a greater thermodynamic drive to become
AsF3. It is this difference in (2) which distinguishes PF5 from

AsF5 reactivity. Because 2 e are needed in this net reaction, while
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the earlier tables required only measuring 1 e, a comparison of oxi-

dation strength can only be made by comparing —AHOX per e (E In

r)°
making this comparison one sees that the PF5 reaction falls below the
previously established lower limit of 100 kcal/e™, while AsF5 and
SbF5 fall well above the upper limit of ~110 kcal/e”. In this com-
parison of PF5 with AsFS, the "oxidation" model is clearly more success-
ful in explaining their differences in reactivity than is the "Lewis
acid" model.

One must remember, however, that these are thermodynamic quantities,
and not mechanistic studies. In writing these two reactions (1) and

(2), one is not saying that F2 is liberated from MF5 in the process

of intercalating graphite. One could just as easily have written

+ - -

MF. + 2¢° — MF, + ZFZ

5 3 q)

3MF, + 27 —> 2MF_ + MF

5 6 3

and achieved the same sum for the half-reaction. A1l these reactions
only give the net energy change made in the reaction.

As a further test of this apparent Er "border" of reactivity, one
can ask whether alternative oxidation reactions can be found for those
compounds which fail to react, and whether Er for these alternative
reactions remain below the border. In Table 8-4 are listed alternative
possible reactions for unreactive fluorides. In most cases, one altern-

ative product is allowed to be in the solid state, in order to further
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drive the oxidation toward the right. In none of these reactions does
Er pass above the border, which is consistent with the observed non-
reactivity of these compounds. |

A further test of the significance of this oxidation model is to

look at the alternative reaction for AsF5

6ASF. + be~ —* 5ASFE(9) + AS(

5 s)°

The Er is 108 kcal, which appears be strong enough to be a plausible re-
action. However, the half-reaction of Table 8-3 shows a larger Ers and
thus would be the preferred reaction. This alternative reaction is not
observed, while the formation of AsF3 has been observed.

A1l the reactions given above created spherical uninegative metal
fluoride ions with thicknesses of ~4.7R, and therefore a direct compar-
ison of Er is valid. A "border" in Er appears in the neighborhood
of 110 kcal/e . This approach has proposed a solution to the non-
reactivity or reactivity of several reagents with graphite.

Reactions of Other Halide Compounds

A brief look at metal chloride systems is warranted. In Table 8-5
are shown possible reactions of MC13 species. Comparing (1) with the Al
reaction of (3), one sees that FeC]3 and A1C13 must have similar Lewis
acidity. VYet FeC]3 alone reacts with graphite, while A1613requires C]Z
in order to react. Reaction (2) supplies part of the answer. Iron has
a stable +2 oxidation state, while Al has no such state. Thus (2) is a
plausible oxidation reaction to explain the intercalation reaction.

The value of Er is certainly well above the previously established

"border"., A1l the remaining MC13 species show Er which would assert
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that compounds do exist. Such compounds do exist in the presence of
C12. In the absence of C]Z,Kthe alternative reactions are less
favored, and fall below the "border" previously established. Here
again, this oxidation approach can explain the different reactivities
among FeC13 and A]CTB, A1C13, and A1C13 + C12, and GaC]3 and GaC]3 +
C12 in a manner that the Lewis acid model cannot explain.

Table 8-5 compares the gas phase Er of A18r3 and GaBr3. Again a
border of reactivity/non-reactivity appears. However, the reported com-
positions and characterization are made more difficult because Br2
does react with graphite and excess Br is apparently present in these
compounds. In summary though, this brief look at chloride and bromides
shows that limiting values of Er must exist.

The above calculations were fo; reactions which all produced spher-
ical uninegative ions. This restriction permitted a Kapustinskii lat-
tice energy calculation using a plausible thermochemical radius. A look
at non-spherical uninegativeiions can also be made. However, the lat-
tice energy calculation is liable to have greater error within it, due
to the lack of a plausible criteria for a thermochemical radius. A
Yatsimirskii calculation can give a radius, but the calculation can be
susceptible to very large errors in radius based on small errors in a
Born-Haber cycle. The Er values given for the following reactions
carry a larger potential for error than those previously calculated.

The reactivity of the halogens and interhalogens have been used to
argue that a simple oxidation does not solely account for the graphite
reactions. In Table 8-6 are shown Er for various pbssibTe product

species. One immediately notes that for F2 and IZ, for which no
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reaction occurs near room temperature, all values of Er are below
~110 kcal. The E_ values for C1§ and Brg are more questionable,
although their Er do hint that these ions may be among the product ions.

The sizable limits on the Er of Brg shows how Er is prone to errors from
43

choosing a thermochemical radius. Recent EXAFS results on (SN):Br3

44
and CxBr

imply that some Brg is present within the graphite. The
values for IC1 and IBr are susceptible to the same errors, but are consis-
tent with the thesis that an Er threshold must be exceeded. The excess
chlorine in the IC1 and excess Br in the IBr reactions gives support to
the argument that some 1015 and IBrE are preseht along with the inter-
halogen. The strength of oxidation gives support to the thesis that an
oxidation is required for reaction,

Calculations of Er have also been made for the reactions of HX
plus 1/2 X2 to make the bihalide ions. It had been puzzling that F2 does
not react with graphite at ordinary temperatures unless HF were present.
A comparison of the Ers for formation of the fluoride and bifluoride ions
supports that thesis that HFE is a final product of this reaction. The
failure of the other halides with their respective atids is also supported
by the_Er values.

Lastly, the reaction of BrF3 with graphite can be mentioned. From

the known reaction45

3KC1 + 4Brf3 —> 3/2 Clp + 3K*BrFy + 1/2 Brp(y)

one can see that the E, for the reaction
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is at least strong enough to oxidize chloride to chlorine (58 kcal).

From the reactions

3BrF3 + 3/2F2 + 3¢ —» SBrF4 AH = - 372 kcal*
BrF — 3/2 F, + 1/2 Br, aH = - 62 kcall?
3 2 2
4BrF3 + 3¢ = 3BrF£ + lIZBrz(l) AH = — 434 kcal
Er = 145 kcal

one can see that this Er exceeds the threshold fof reaction.
Discussion

Having established that, for a given family of reactants, there exists
a limiting Er below which no reaction with graphite occurs, one can ask
whether this 1imit is a thermodynamic or kinetic limit. Because this
border lies near ~110 kcal for tﬁe hexaflourides, and the work function
of graphite is about 106 kcal, it is tempting to specu]éte that a kinetic
barrier of ~106 kcal limits graphite's reactivity. One can propose that
an initial first step fowards intercalation is the removal of an electron
from the graphite basal plane, followed by the galleries opening up to
admit ions or neutral molecules. This proposal has several merits.

First, it would explain why the stoichiometry of many reactions support

*This value is calculated from the heat of reaction KF + BrF3 -
KBrFy,, (-4.1 kca1),46 the lattice energy of KF (194 kca1)921 and

an estimated lattice energy of KBrF4 of 138 kcal which lies midway

47 47

between those of KBF, (152 kcal) ™" and KAsF6(125 kcal).
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the presence of many neutral species. The reaction of ferric chloride
shows a C1:Fe ratio slightly above 3:1. The IC1 reaction hints at

only a small proportion of IC15,37 CXMC1§?§27 hints that the species
present may be A12C1§ or A12C16 plus two A1C1Z. The neutral mole-

cules may diffuse from the gas phase into the layers at high temperatures.
Upon cooling, the neutrals do not have sufficient vapor pressure to come
out, or they polymerize with the jons to form larger species (Fe2C1;

for instance.) Second, this proposal is consistent with other observa-
tions that a trace of sufficiently strong oxidant initiates a complete

intercalation. For instance, Ubbelohde noted that in dilute HNQO,, the

39
electrochemical synthesis began only after reaching a certain threshold

voltage.48

The reaction then continued without any applied voltage.
H2$04 does not intercalate unless initiated with a known oxidant or
via electrochemical oxidation. These Er values for the halides can be
used to support the kinetic barrier argument.

The thermodynamic argument is not without support. In order to
complete this argument, an estimation of the lattice energy of a graphite
intercalation compound must be made, as well as the subsidiary terms in

49 a crude lattice

the Born-Haber cycle. Following Salzano and Aronson,
enerqgy calculation using image force theory for point charges has been

done for MF% and MC]Z. The assumption here is that the principle
attractive force of the ion with the graphite sheet is the same force which
attracts a point charge toward a "neutral" metallic sheet. Table 8-7

shows the calculation for the hexafluorides for various stages C;ZnMFg.

A C72 unit was chosen arbitrarily so that sixth, third, second and
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first stage ClZn units as well as a CB unit can be calculated. The
sixth stage was used to estimate the limiting bonding in the dilute
limit where intercalation must begin. Using Salzano's estimated values
for the work function (106 kcal), changes in the work function upon
oxidation (23.06 x /4.4x x]72 kcal), the Van der Waals energy to
separate a C12 layer (18 kcal), and the lattice energy terms for
attractive and repulsive interactions, one can estimate\the minimum

Er necessary to have aH = 0. For the MFg case the limiting Er

falls ~90 kcal. For the MCTZ case, where a larger c-spacing is
required, the limiting Er is ~100 kcal.

These values for a minimum heat of oxidation assuming only ions are
packed within the sheet appear reasonable. These values are sufficiently
close to the phenomenological thresholds so as to appear plausible.
Packing of neutrals would lower the repulsive terms between ions in the
same sheet, and would slightly lower the minimum Er‘ The difference |
between this limiting value and the phenomenological limiting Er may well
be taken up in an entropy term. ‘If there is a thermodynamic limitation,
then AG and not aH is the significant term. An entropy term aS has not
been considered in calculating the gas phase oxidation strengths, nor the
AS for the formation of the solid. The sum of these two entropy terms
must be unfavorable, since a gas phase species is being placed within a
lattice. Er would have to be larger than the minimum Er required by
the Born-Haber calculation. If the TaS term were approximately 20 kcal,
then the limiting Er would be ~110 kcal for the MFg and 120 kcal

for MC1,. The effect of an entropy term may explain the reaction of



157

C12 with graphite. The compound is only stable below -20C, and no reaction
is seen at room temperature. The TaS term may be small enough at -20C to
form a stable compound. While Salzano's calculation of the various energy
terms are only approximate, they give support to the thermodynamic explana-
tion of a limiting Er’

In the course of this work on the halides, two apparent contradictions
to the oxidation strength model appeared. While the stronger oxidant of
the family does fit the pattern, the weaker member fails to fit the cri-
teria. In comparing SiF4 with GeF4, the fluoride ion affinity of SiF4
appears to be too large. Simple salts SiFg are unknown, due to the large

lattice energy gain to form SiF6 salts. The SiF4 plus F2 value in Table

8-8 is based on Beauchamp's ICR resu]ts,SO

which imply SiF4 is slightly
weaker than BF3 as a fluoride ion acceptor. The large value of E‘n is in
contradiction with McCarron's observation that Sin plus FZ does not react

51

with graphite. Rudorff observed a reaction of HF plus F2 in a glass

vessel to make a graphite compound with a lattice spacing of 8.06 ﬂ.52
This thickness appears to be that of a hexafluoride (SiFZ) or SiFg. The
S1°F4 precursor may have been made by HF attack on the giass. Since the

8 R spacing appears to be too large for a bifluoride ion itself (unless it
is oriented lengthwise aTonglc)s the only other possible species would be
an H4Fg tetrahedral ion. This ion is too large to create this lattice

expansion without distorting itse1f°53 The principle point is that there

is some data which can support the reaction of SiF4 plus F2 with graphite.
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McCarron's observation is difficult to reconcile with the ICR pre-
diction. McCarron observed that the NF6 plus F2 reaction was very
slow. One can propose that stable tetrahedral (SiF4) and octahedral (WFG)
molecules may have an activation barrier to reorganization of their fluor-
ines in order to accept another fluoride. This barrier may have slowed
the reactions of wF6 and SiF4 with fluorine. In an HF solution, this re-
organization may be more facile for SiF4 and Rudorff's observed reaction
could occur. The other metal hexafluorides did not have to reorganize
their fluorines, and thereby reacted quickly. GeF4 plus F2 reacts
quickly because its oxidation strength is sufficiently stronger to drive
the reaction, and may have a lower barrier to reorganization. While the
failure of 31F4 with F2 to react with graphite apbears anomalous, further
work must be done to verify this lack of reactivity under varying condi-
tions.

The second anomaly occurs in a comparison of PC15 and SbC]5 in Table
8-8. SbC]5 reacts spontaneously with graphite, as would be expected from

its sizable Er,56

~The comparable Er values for PC15 appear to cause diffi-
culty, because PC'I5 plus C12 might be expected to react. This range of

Er values comes from several related reactions. The stability of KPC1

6°
made from the reaction of K+IC1§ and PC]ZIC]E, requires that the

Er of PCI5 plus C12 be greater than 110 kca1957 Since KC1 plus PC15

did not form this solid at high temperatures, one may assume that the
entropy term is preventing the reaction. This entropy limit would place
an upper limit of Er approximately 20 kcal above at 130 kcal. When NOCI

. +
reacts with PC15, NC13(1) and 0PC13(1) are formed rather than NO PC16
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If this a]ternative reaction is the thermodynamically stable reaction,

19 This places

then NO+PC]E is unstable relative to these products.
an upper limit on the Er of 120 kcal. These calculations appear to be
self consistent, and place the heat of reaction PC15 + C]Z between 110
and 120 kcal. This value falls above the threshold value for the hexa-
fluorides, and yet several workers have failed to obtain any reaction
with graphite.

The most plausible solution to this anomaly is that this oxidation
strength is too close to the threshold. In the lattice calculation of
MC1£9 which would have almost the same thickness as MClg, the minimum re-
quired oxidation strength was about 10 kcal above that of the MF; jons.
An MFg barrier of 110 kcal would become a barrier of 120 kcal for the
MC1£ and MClg jons. All other chloride reactions found fall above a
120 kcal 1imit. Because this reaction of PC15 plus C12 involves two
gaseous species, the change in entropy upon intercalation would be un-
favorable. Any consideration of entropy or changing thresholds implies
the threshold is a thermodynamic limit. The failure of PC15 plus C12 to
react with graphite gives support to the contention that this threshold
is of thermodynamic origin.

In summary, an impressive correlation occurs between the reactions of
graphite with various halides and the gas phase oxidation strengths of
these halides. The proposed requirement of an oxidation reaction for
intercalation is given further support. Whether this oxidation require-
ment reflects a kinetic or thermodynamic threshold is unclear, although

all the evidence can be interpreted on the thermodynamic model. However,
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the gas phase oxidation strengths do provide a phenomenological criteria
for the synthesis of further compounds. Table 8-9 gives a list of proposed
reactions and their expected reactivity. Several predictions have been

confirmed since this list was composed. C1F does react with BF
60

3 and PF

The product "CxVF5" has

5
to place BFZ and PFE ions into graphite.

been ment‘ioned,61 although no mention of its synthesis has been reported

to our knowledge. Cyanogen does not react with graphite,66

The pheno-
menological utility of this gas phase oxidation strength model to predict
chemical reactivity gives the synthetic chemist a new tool to guide syn-

thesis of new compounds.
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Table 8-1. Electron Affinities? (Kcal mole-1)

MFg + e-  MFg(g) (N.R. means no reaction with graphite)

MoF g
117b
CgMo

WFG
g1d
N.R

UFg
1132
CqUF

F6C

Refg OsFg Irfg ) PtFg
1072 1352 1612 ‘ 1882

€ N.R.E CgosFEf Cg1fFg9 C1oPtFEh

61

(a)

The oxidative chemistry of the third transition series hexafluorides had
established a smooth increase in oxidizing capability from ¥ to Pt and
Bartlett [11] had estimated that the electron affinity increases by ~1 eV for
each unit increase in atomic number across the series. There has, however,
been much uncertainty about the absolute values of the electron affinities
A(MF6), some of this uncertainty springing from uncertainties in evaluations
of lattice energies for salts, such NO+MF5 and OgPth. Here, we have,

for the first time, tied A(MFG) to A(UF6). Two independent measurements for
A(UFG) give 113 [7] and 117 [8] kcal nn]e’l. The former value derives from

ion-cyc lotron resonance studies, from which studies a rather precise value is

also available for A(NFG), hence we take it as our fixed point for A(UF6).
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Table 8-1 (continued)

Calorimetric studies [9] give aH’(NO(g) + UFG(g)-*NO+UFg(C)) - - 52 kcal mole~l,

Since the first jonization potential, I(NO), is 213 cal mo1e"1, and A(UFG) =
1

113 kcal mole ", it follows that the lattice energy U(NO+UF6(C)) = - 152 kcal

1

- . » 3 Y . . o + F —
mole A similar calorimetric study [10] gas given aH (02(9) Pt 6(g)

AT -1
OZPth(g)) = - 60 kcal mole .

+ -

Therefore, because U(OZPtFG(g)) must
be slightly more exothermic than U(NO+UFg(C)), since PtFy is smaller
than UFg, the electron affinity of PtF6 must be slightly greater than

+ . o C—
I(OZ) + U(NO UFG(C)) -4H (02(g) * PtF6( ‘*OZPtFG(C)) = (278 - 152 + 60)

g)
kcal mole'l° Accordingly we set the electron affinity of PtF6 at 188 kcal
mo]e'l. Since A(NFG), derived from ion-cyclotron resonance studies [3], is in

harmony with less precise evaluations [11] from other experiments, and is also
compatible with the known oxidative chemistry of NFG, we accept this value as
our other fixed point for the third transition series. The estimates of A(MFG)

for PtFG, OsF6 and IrF6 have been derived, assuming a smooth increase with atomic

1

number of M, between A(WF6) = 81 kcal and A{PtF.) = 188 kcal mole .

6)
Although the lattice energy U(OZPtFﬁ(C)) = - 154 kca]'l is higher than that
derived from a Kapustinskii lattice energy, the A(MFG) based on the higher
lattice energy are in excellent agreement with the known oxidative chemistry.
(b) see 1; (c) see 2; (d) see 3; (e) see 4; (f) see 5; (g) see 4; (h) see 4;

(i) see 6.
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Table 8-2. Gas Phase Electron Affinity (E,) -
Limiting Composition of Graphite Salt

Ep(BF3 + 1/2 Fo + e~  BFg)? CnBF 4D

155 (kcal/mole e~)

Er(MFS(g) +1/2 Fp + e MFg

il
P 158C | cg*PFgd
As 170C ‘ Cg*AsFg®
Sb 193f Cn+SbFéi~<12)
Er(WFg + 1/2 Fo + e~ WFy) ChWF79
141

(a) In all calculations, AHf(FZ

g)) = - 64 kcal. There are two

reports of the value of AH(BF3( — BF,

9) " Flo) = FFag))
[12] gives a value of -71 kcal, while [13] gives -91 kcal. We

+ FZ

prefer the -91 kcal value because it is compatible with the
marginal stability of 02+BFZ(C). A1l other values of

fluoride ion affinities are based on the -91 kcal value for BFZ.
These fluoride ion affinities also depend upon the lattice energy

evaluations which are no more precise than #10 kcal mo]e'l.

(b) See 14; (c) See 15; (d) See 16 (e) See 5.
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Table 8-2 (continued)

(f) See 15, The value given is for SbF5 liquid.

(g) See 3. Their reported AHf(NF;( )) has been lowered to

g
~-552 £10 kcal, based on our use of -91 kcal rather than -71 kcal

for the fluoride ion affinity of BF3(g).
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Table 8-3. Electron affinity for the reaction 3MFg + 2e~ — 2MFg + MF32

2

P As Sb
1 -ZE(2MF g + Fy ¢ 2e e Mg )P <-316 < -340 < -386
oH Mg ———— Wy +F, 152 98¢ 90°
Mg+ 26T —» 2MF] +MF, < -166 < 282 < =296
E, é > 8 af > 148
NR.  "CghSF," C, SOF 5"

{(a)

(b)

(d)
(e)
(f)

{N.R. means NO REACTION with graphite)

The values for "P" and "As" species are for the gas phase species. For "Sb", reaction (1)
is for polymeric liquid SbFS, and reaction (2) is for polymeric liquid SbF5 forming

solid SbF3. Since the heat of vaporization and the heat to form the gaseous monomer

SbF5 are both endothermic, the Sb value for the monomer must be more exothermic than this
value,

See Table 8-2

See 18

See 20

See 17a

For a possible alternative oxidation (6A5F5(g) + 5¢” -¢5Ang(g) + As(c)), E

v
= 108 kcal/mole e”.




171

Table 8-4. Some other possible half reactions for fluorides
which, alone, do not intercalate graphite

Er (kcal/mole e)

+ e  — WF a
2NF6(9) e WF (g) + NFS(C)

; 76
THF g gy + B€7 -ast; PRLIBY 7
6PF5 gy * 5e‘-+5PF6' @ * P(C)b 2
4BF3(q) * 3¢ = 3BFL (o) * B(C)C 6

(a) See 17b AHf(WFS(C)) = - 346 kcal
See AHf(WFs) = - 411.5 kcal
(b) See 18

BF,) = - 272 kcal

(c) See 19 aH 3) =

£
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Table 8-5. Gas phase heats of reaction of assorted metal halides?

E
r
- - b
+ + s +
(1) FeC13(g) 1/2 C12 e FEC]A(g) 161
Fec13(g)-a FeC]z(c) +1/2 C12 - 22
- i - +
(2) 2FeC13(g) + e FeC12(c) + FeC14(g) 139
A1l compounds below require Clz to react with graphite
Er
M= Al Ga In
) 4+ @7 —s - < d e
(3) MC13(95 +1)2 612 e MC]4(9) 145 143 156
coprcr f CqbaCl_ 9 C)glnCt
3.5 3.5 3.5
+ " - -
MZC]G(g) + C]z 2e 2MC14(9) 128 133
Extreme Alternative Reactions in the Absence of C12
4+ 30" - + 97 107
4MC13(9) 3e 3MC14(9) M(C)
- +
2M2C16(g) + 3" — 3MC14(9) M(c) 77 95
A1l Compounds Below Require Br2 to React with Graphite
Er
Al Ga
133¢ 128%

MBr3(g) +1/2 Br2 +t e - MBr4(g)

opy . ;
C9A18r3 Br2 (213(5aBr3.5 Br21
Extreme Alternative Reactions in the Absence of Br2

T N 105
(4) MBra(g) + 3e 3M5r4(g) + M(c) 99

(Continued)

9
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Footnotes to Table 8-5

(a) ANl MM of metal halide species are taken from [19].

(b) Calculated from the aH of the reaction of KC1 or NaCY(C) with
FeC13(C) to make K+Fe614—(c) or Na+Fe614'(c) in [22a], the
lattice energy of NaCl in [22b], and a Kapustinskii radius of 3.58 A
in [22c]. This radius appears a bit 1afger than expected from the
tetrachlorides listed. A lowering by 0.4R increases the lattice
energy and decreases the chloride ion affinity by 13 kcal.

(c) See 23; (d) See 24; (e) See 25; (f) See 26; (g) See 27; (h) See 28;
(i) See 29.




Table 8-6.

112Xy gy * ey (a)

- (b)
2{g)

1/2X2 + HX—-’HX2

64

71

Unknown

N.R. at room
temperature

101,9 106!

rxnl

Energy (kcal)

C1

58

55

(73)c,d

Reaction only
below room
temperature

1350
IIC I

72M
N.R.

b1} J
8l0.9011.1

Br I
63 61
58 60

(73‘145)c,d,e 80C’f

CgBr N.R.
140°
Col . Br. .. K
810.45870. 55
76™ 73™

ambiguous since Bro N.R.
reacts with graphite

(continued)

VLT
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Footnotes for Table 8-6.

(a)
(c)

Ref. [19] (b) Ref. [30].

The values for Xg and IXE carry considerable potential

for error due to the uncertainty in determining a suitable
thermochemical radius for the Kapustinskii lattice energy. The

use of the Yatsimirskii-Kapustinskii procedure to determine an
empirical Xg radius can be very sensitive to small differ-

ences (or errors) in large energy terms. For non-spherical ions,

the assumptions of the Kapustinskii formula become more uncertain.

aH for Et4N+c1§(c)=» Et4N+C1EC) + Cly(qy = 17 keal [31].

Assuming the lattice energigs of the salts are equal, one has C?E(g)—*
C]Eg) + C]Z(g) = 17 kcal from which the value in this table is derived.
This value should be considered a Tower 1limit, due to the Tlattice
energy approximation.

BHe(CsBrg ) = 103.8 keal [31], and AHf(NHZBrg(C)) = - 67.5 kcal

[19]. A Yatsimirskii calculation using MBr lattice energies of
Cubicciotti [22b] or Waddington [32] give r(Brg) =~2.5Ror >6 A

A radius of 2.5 A, which is also consistent for a sphere of the same
value as 3Br , gives a 1attice energy of 135 kcal for NHZBrg, and

3/2 Br, + e Bry = - 84 kcal. Using the radius 4.04 R of 18r5, [33] for
Bry gives 3/2 Br, + e —Br3 + 129 kcal . The 6.0 A radius

gives a lattice energy of 74 kcal, and 3/2 Br, + e“~*Br§ = 145 kcal.

Assuming the lattice energies of NH4Br3 and NH4Br are equal, one has

a minimum value of -73 kcal for 3/2 Br(g) + e—+Br§(g).

(continued)
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Footnotes for Table 8.6.

(f)

(9)

Topol's value [34] appears reasonable with a radius of 2.45 A.
However, Finch's [35] value of AHf(Ig(g)) =~ 117.5 kcal,

which is dependent on the Yatsmirskii equations' radius of 6.01 A,
would give 3/2 IZ(g) + e — Ig AH = - 140 kcal,

See Ref. [36] for the latest work on this system.

AHf(ICTE(g)) = - 145 kcal from [35] was devised from a Yatsmirskii
radius of 4.66 A, which appears very large. A smaller radius would
give a smaller aH for ZIC](g) + e'~*IC1E +1/2 IZ(g)'
The 140 kcal value is from [33], using a radius of 4.04 A and a
AHf(IBrE) = - 120 kcal. Again the authors radius appears larger,
and perhaps inconsistent with their ICIE radius of 4.66 A in [35].
Ref. [37] The composition given here appears implausible as thefe
is not sufficient room in the "C4" graphite gallery to accommodate
this amount of halogen.

Ref. [38].

Ref. [39]. Uses 37 kcal for F~ + HF—»HFE. Theoretical calculations
[40] give the fluoride ion affinity as -42 kcal.

Ref. [41] (n)

Ref. [42].
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Table 8-7. Salzano's and Aronson's Thermodynamics Model

He = W.F. + (AW.FL) % VodW. + aHgy + (U

(106.5)X + 5.7 /X + (18)X + {aHgy )X + (3.0)X

(85.57)X + 5.7/K  + (aHpx) X

#

+ U2)

+ - 112,95 (1 0.3y (2)

r r

Where (3) is calculated for a radius r of 2.35 A for a MFg ion, and X is from

the composition C;EXA“. The C72 is chosen because the MFg intercalates

have been shown to stage as ClZnMF6’ and C72 allows for a calculation of

ISt, an, 3rd’ and Gth stages with X = 6,3,2, and 1 respectively.

With X = 9, and by adding 3.7 kcal to the 85.57, one will have the equation

for the 15° stage CgMFg'composition.

A- A% A
A~ A% A
A= A= A% A
A A- A% A
A= A~ A= A% A
A A A% AT
A-
X= 0 1 2 3 6 9
M = 92.3 + aHgy  179.2 + 2aHpy,  266.6 + 3aHpy  527.4 + 6aHoy  829.5 + 9aHgy
Minimum
~b8Hox /€™ 92.3 89.6 88.9 87.9 92.2
Required

(kcal)
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Table 8-8. Heats of Reaction for Anomolous Reactions

MF4

MC1

3MC1

M = Si Ge
+12 Fyt & - M | 125-152 @ 165 ©
b +. b
N.R. C,GeF;
M = p Sb
+1/2 Cly + e = NCT; 110-120 d 153 ©
, i e
C;sbC1y
g * 26T = 2MCIC + MCT, 99-109 9 146 9
' ] 1 h
N.R. C,SbC1,

(a)

(b)
(c)

152 kcal is an upper limit based on Beauchamp's50 finding that

SiF, is almost as strong a fluoride acceptor as BF;. The 125

194

kcal limit is an average value from McDaniel et a which

placed the fluoride ion affinity between -37 kcal (for HC1) and
BF3 (which we place at -91 kcal rather than his -71 kcal).
Results of E. McCarron, PhD thesis, UC éerkeley, 1980.

Based on the heat of dissociation of C10zGng of 29 kcal,

compared to that of C10,'BF, of -24 kcal. MWork of T. Mallouk

and N. Bart‘!ett,55

Limits based on several reactions found in text. Calculations

based on the results of V. Gutmann,57

(continued)
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Footnotes for Table 8-8,

(e) The value 153 kcal is a lower limit to Er based on the stébi]ity
of the salt KSbC16 made from KC1 and SbC]5°

(f) This reaction is difficult to document because SbC15 alone
reacts with graphite and the species within the graphite have not
been characterized.

(g) Based on the heats of MC15(9)=» MCTg + Cl1, of 22 kcal for

58 59

PC13(g) and 14 kcal for Sb673(s),

(h) See Ref. [56].
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Predictions of Reactivity with Graphite

Reaction

VF

CIF
CIF
CIF
CF
3PF
HC1
3VF
HC1
HF

TeF6

SeF6

SFg
(e,

112 Fy
SiF

~ VFg

had SiFg +1/2 C12
- PFg +1/2 C12

- sz +1/2 C12

- NF; + 172 C12
- P0F3 + ZPF6
— HCIF™

— ZVFg + VF3(S)

= HCIF™ + 1/2 C]Z
- HFE +1/2 C12

- Tng

- Sng
= SF6
=+ 2CN™

Er (kcal)

120-130%2

111-138
1422560

132,60

122
112
110%

981080763

97°%

8424
74¢
69°

16-33

30¢

Should react
Should react
Should react
Should react
Should react
Reaction likely
Reaction likely
Reaction likely
Undecided
Reaction unlikely
Reaction unlikely
Reaction unlikely
Reaction unlikely

No reaction66

(a) Reaction reported by Ebert, Second International Conference on Intercalation

Compounds of Graphite, Provincetown, MA, May 1980.

{b) Mentioned by Ebert et al, Ref. [61].

(c) Values given in Refs. [1] and [64]:

(d) Value in Ref. [65], after removing the C-C bond strength,

me that no reaction occurred between cyanogen and graphite.

R. Setton informed




(+)

181

Figure 8-1

Generalized Thermodynamic Cycle for Graphite Intercalation
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W.F. 1s the work function of graphite, plus any changes

in the work

function as oxidation proceeds.

V.d.W. is the Van der Waals energy needed to separate
a sheet of carbons away from 3.35 A separation,

U

1 is the ®"lattice energy"” for placing an A  species

within the positiveiy charged graphite layers,
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CHAPTER 9

+ -
XeFZ:XeF5 AsF6 Adducts

In order to pursue electrochemical oxidations, robust solvents were
needed. Tb exemplify this necessity, one can look at the required poten-
tials for the electrochemical oxidation of PtF6 and "AuF6" from their
MFg ions. In anhydrous HF, 0'Donnell measured the electrochemical

potential for the oxidation of WFE and MoFg as -0.11 and 0.92

1

volts vs a Cu/CuF2 electrode.” Using the gas phase oxidation strengths

(Chapter 8) of NF6 (81 kcal) and MoF6 (117 kcal), one can extrapolate
what potential is necessary for the oxidation of Pth (188 kcal) and
Aqu (220 kcal). Assuming the solvation in H% is similar for all

MFG’, one finds values of 2.95 volts for PtF.” and 3.86 volts for

6
AuF6". However, in this HF solvent, fluorine is produced at ~2.7 volts

at this reference electrode.’ A preferable solvent would be a low

3

melting, highly oxidized salt. The work of Zemva~ on making 1:2, 1:1,

+ -

2+ XeFghsFe
tions, the system might be liquid near room temperature. A study of

and 2:1 adducts of XeF.,:XeF had hinted that at "1.3:1" composi-
the XeFZ/XngAng phase diagram was undertaken to attempt to define the
system, and particularly the eutectics, more precisely.

Experimental

A FEP container was constructed in order to perform the melting point
measurement. A copper-constantine thermocouple was made of 40 gauge
wires, which were then sheathed within FEP spaghetti tubing. This thermo-
couple was heat sealed through the bottom of a 3/8" FEP tube until the

seal was vacuum-tight. This arrangement placed the thermocouple 1/4" above
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the bottom of the FEP tube, with a 0.010" FEP wall separating the melt from
the thermocouple. A stainless steel Swagelock union and cap were then
attached to the top of the 2-3" Tong FEP tube. This container could be
filled quickly with about 1/2-1 gram amounts of XeF2 and XngAng.
The tube was then capped, and totally immersed in an oil bath to melt

the two solids info a homogeneous mixture.

This experimental arrangement had several advantages over alternative
designs:

(1) The thermocouple was very close to the melt while not being
attacked by the melt. This design with FEP spaghetti tubing insured
that the thermocouple would measure the melt temperature at each moment.
With the thermocouple and potentiometer, accurate temperature measurement
of #0.2°C were possible.

(2) The transparent FEP tube would allow visual observation of the
melt as it passed from white crystals to a transparent liquid. Raman
spectra could also be taken through the FEP walls.

(3) By using a large diameter FEP tube, larger amounts of material
could be weighed accurately than could be weighed into a small capillary.
This larger capacity allowed for greater accuracy in the determination of
the composition. With the FEP, formation of XeOF4 or XeO3 was minimal.

In quartz capillaries, these oxides could form and contaminate the mixture.

This larger tube would also allow one to see how viscous was the melt.
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(4) The FEP tube was sufficiently short so as to be completely
immersible in the heating o0il. This total immersion prevented any
sublimation toward a cooler end and thus eliminated changes in the
melt composition.

The thermocouple was connected in opposition to an identical
thermocouple maintained at ice temperature in distilled water. The
difference in voltage was read on the Leeds and Northrup Model 8686
millivolt potentiometer with galvanometer. Several standards (ice,
phenanthrene, and naphthalene) were measured in the tube, and gave
accurate melting points within 20.5°C of reported values when the
temperature was raised through the melting point. Upon cooling, one
occasionally saw evidence of supercooling with the standards and with
the adducts. For this reason, the xenon salt adduct's melting points
were always measured upon raising the temperature through the melting
point at a rate of 1-2°C/min. The liquidus temperatures given here
are for the temperature at which the last bit of solid melted. This
point was sometimes difficult to determine visually, and may be in
error by 0.5°C. \

Xer was prepared by the routine photolysis of Xe and F2 in a pyrex
bulb. XngAng was prepared by heating a prefluorinated monel bomb
With XeFZ, a 50% excess ASFS, and a 100% excess of F2. Several prepara-
tions were made before discovering in powder patterns that the copper
gasket was attacked and Cqu was in the final product. By nickel plating

the gasket, followed by subliming the product at 120°C in a water-cooled
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monel can, pure samples of XngAng were made. Their purity was checked

by Raman spectroscopy, X-ray powder patterns, and melting point (130°C).4
In order to clarify descriptions throughout the following discussion,

the following notation will be used. Mole ratio compositions based on

the relative mole amounts of XeF, and XngAng will be denoted

"A:1". Well characterized or proposed units having the composition C(Xer)

plus B(XngAng) will be denoted C:B. This distinction can be demon-

strated by two examples. First, a mixture of 2 mmole Xer and 1 mmole

XngAng is "2:1", and the crystal structure shows this mixture to

be 2XeF2 molecules each bridge-bonding to an Xng 1on3, Thus the com-

pound is designated 2:1. In the second case, a mixture of 1.5 mmole XeF2

and 1 mmole Xng Ang is "1.5:1", .However, the Raman data will be

interpreted in terms of three different XeF2 molecules interacting with

two Xng units, and will be designated 3:2. In all cases, the "A:1"

is always the correct proportipn, while the assigned formula unit C:B may

require further investigation to characterize definitively.

Melting Point and Raman Results

When this phase study was begun, the three compositions 1:2, 1:1, and
2:1 had been well characterized by Raman spectroscopy and single crystal
structures.3 During the study, three other Raman spectra were observed
either in pure form or ir mixtures togethervwith previously established
adducts. A1l six spectra are shown in Figures 9-1 and 9-2, and the peak
positions and assignments are summarized in Table 9-1. 1In order to fécili—
tate discussion of these three new complexes, they have been tentatively

labeled 3:2, 2:1M, and 3:1. The reasons supporting this labeling will be
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given throughout the discussion, although the labeling is not conclusively
established as correct. The 2:1M is designated as such to distinguish it
from the 2:1 already characterized. The 3:1 may be another 2:1 complex,
but the 3:1 will be used to simplify the labeling of the complex.

A "0.56:1" mixture was prepared to check Wechsberg's "0.542:1" (1:2)
composition,5 for which he gave a sharp melting point of 65°C. The melting
behavior of the 0.56:1 mixture was quite different. The onset of melting
began at 42°C, and yet the solid was only half melted at 60°C. Some solid
specks were still visible at 80°C. The Raman spectra taken after one
melting showed predominently the 1:2 compound, with some XngAng.

It is probable that the observed melting point behavior was due to an
inhomogeneous mixing of the components. Wechsberg's 65°C will be taken
for the phase diagram.

A "1.00:1" mixture was made in order to verify the 1:1 composition pre-
viously determined. :wechsberg reported a range 6f melting point 54-57°C, |

and proposed an incongruent melt.5

The melting point observed here was

sharper, at 57-58°C. Several Raman spectra taken after various melts all

gave the reported 1:1 spectra. Both the 1:2 and 1:1 reported by Wechsberg

are confif‘med° No further work was done across this composition interval

since Wechsberg noted only mixtures of these two adducts over that interval.
Until this study, no investigation had been made on the XeF2 rich

side of "2:1". Three molar ratios were studied: "2.89:1", "3.04:1", and

"4.08:1"., The "2.89:1" was formed from the “1.87:1" (to be discussed

below) by the addition of more XeFZ. After the initial melts and cooling

to 0°C, the Raman showed the new spectra of 2:1M (which will be discussed
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under the "1.90:1" composition) along with excess Xer. Upon melting
again, and quenching in liquid nitrogen, the Raman showed the previously
established 2:1 and XeFZ. This behavior of the established adduct forming
upon rapid liquid nitrogen quenching, while the newer adducts appearing
upon milder quenching to 0°C, appears repeatedly in these new studies.
This pattern is consistent with Wechsberg's and Zemva's results in finding
the 2:1 after quenching in liquid nitrogen or liquid air. Complete melting
(taken on the 2:1M plus XeFZ) occurred between 70 and 75°C, but the onset
occurred at 39°C. The bulk had melted by 49°C. The last solid to melt
was probably XeFZ. The 70°C value will be used as the liquidus point of
the "2.89:1" compound, with an onset of melting at 39°C.

The "3.04:1" and "4.08:1" compositions both have identical spectra‘of
the 3:1 species and Xer. Much of the "4.08:1" material melted in the
50-70°C range, but much solid (probably XeFZ) remained at 103°C. The
"3.04:1" mixture changed from white to off-white at 44-45°C, indicating
the beginning of melting. By 60°C, much of the material was molten. On
two occasions, it appeared that the last fine threads of solid disappeared
at 80°C, while on a subsequent melting one bit of solid appeared to remain
above 100°C. The 80°C value will be used as a liquidus point, although
it may simply be difficult to tell visually where the last bits of XeF2
finally disappeared. From these results, it appears that there is a new
3:1 species which only appeared above the 2:1 composition. Because there
was a large excess of Xer and the melting point rose dramatically, it is

doubtful that there are any other species beyond a "3:1" composition.
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The bulk of the investigation was spent in the interval between 1:1
and 2:1. Compositions "1.2:1", *1.35:1", "1.50:1", "1.87:1", and "1.90:1"
were prepared in order to uniformly span the interval. This region beﬁaved
in a very complex and bewildering manner. Upon varying the temperature or
cooling rates, the same sample would yield uniquely different Raman spectra
of various species. Supercooling of the melts by 10-20°C was common and
prevented measuring the freezing point reliably. The possibility of
nucleation and precipitation of kinetically stable species cannot be
exc luded. However, the total picture across this region appears more
self-consistent, as seen in Table 9-2.

After some initial melts of "1.50:1", which showed 2:1 and 1:2 species
in the Raman, the new phase 3:2 appeared. This 3:2 appeared upon quenching
with liquid nitrogen after the 1.5:1 had been kept at 45°C where a partial
melt had occurred. Following another partial melt, a slow cooling over-
night to a glass, and then a quenching at 0°C, the spectrum in Figure 9-2
was taken. After going to a full melt, maintaining the'g1ass at 40°C for
two days, and then quenching with LNZ’ the 2:1 and 1:1 appeared. A melting
point study at this point showed a color change white to off-white at 32°C,
the onset of melting at 39-40°C, and complete melting at 49°C. It is
tempting to ascribe the 32°C transition to a phase change 1:1 + 2:1 to
3:2. The 3:2 appeared upon going to a partial melt at 45°C, followed by
a mild quenching with ice. Upbn more severe quenching in LN2 from the
glass, 1:1 and 2:1 precipitated. It may be that the milder quench keeps
the temperature at which precipitation occurs above 32°C, so that the 3:2

is seen. A more severe quench causes nucleation of the 1:1 and 2:1 species
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seen below 32°C. An alternative explanation of the 32°C observation is
simply that the 1:1 and 2:1 are forming a glass of undetérmined compos i-
tion at the crystal interfaces. Further studies as a function of tem-
perature are needed to outline the various phase regions.

The peculiar behavior of "1.5:1" was also seen in two preparations of
"1.35:1". Both preparations were made in quartz NMR or ESR tubes rather
than the FEP container. The first preparation showed 1:2 plus 2:1 during
the early melts. It quickly became apparent that this composition super-
cooled to a glass at room temperature. The Raman peaks were broadened
considerably. Upon quenching, the crystalline solid remained solid at
room temperature. Two months later, the solid showed the 1:1 plus 3:2.
The melting point gave 52-53°C. After melting this composition again, the
compound remained glassy at room temperature for more than 18 months, with
an index of refraction very close to that of the quartz. The glass is
apparently kinetically stable at room temperature.

The second preparation also gave 2:1 plus 1:2 initially, along with a
771 peak which Zemva ascribed to 1:1.3 Upon further melting, followed by
quenching with LNZ’ 2:1 and 1:1 appeared. However, no sign of the 771
peak was present. Upon remelting and slow cooling of the glass, followed
by a 0°C quench, 2:1 plus 3:2 appeared in the Raman spectrum. This com-
bination cannot be a thermodynamically stable mixture and the mixture
cannot be homogeneously 2:1 plus 3:2. Soon after the spectrum was taken,
the NMR tube broke or detonated. The 771 peak which Zemva ascribed to
Ang was Xe03. XeOF4 was never observed in these melts at an inter-

mediate, nor did any 771 peak appear in any of the samples prepared in FEP.
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Due to the impurity, one can make few quantitative conclusions based on
this preparation. The qualitative features of the cooling rate are con-
sistent with the §pecies seen in other compositions and in the initial
preparation of "1.35:1".

The mixture of composition "1.23:1" showed the 1:1 and 3:2 phases also.
The final liquidus point occurred in the range 58-62°C, which appears high
considering the 1:1 melts at 57-58°C and the 3:2 at 49°C. It may be that
the composition was not at its thermodynamically correct mixture of 1:1
and 3:2 when the melt was taken.

The complexity of melts in this region is alsd continued in the three
compositions "1.87:1", "1.87:1", and "1.90:1". One "1.87:1" gave a Raman
of 3:2 plus XeF2° The second preparation, quenched from the melt to 0°C,
showed mostly 2:1 with a trace of 1:1. Traces of melt appeared at 43-44°C,
but the bulk of the melt occurred at 50-55°C. The final liquidus point of
57°C was accurately determined. The "1.90:1" showed the 2:1M phase pre-
viously mentioned in the "2.87:1" composition. The melting point was
59-61°C. (These limits are due to calibration errors due to a failing
recorder battery.) Upon cooling, the "1.90:1" showed a pronounced super-
cooling down to 32°C where it solidified. No Raman was taken at this 32°C
precipitation. It is tempting to speculate that this is the same point
where the formation of 1:1 and 2:1 ofcurs in the "1.5:1" composition.

Conclusions on the Species Found in the Melts

The Raman spectra of the 3:2, 2:1M, and 3:1 adducts permits some dis-
cussion of their possible structures in light of Zemva's Raman and crystal

structures of the 1:2, 1:1, and 2:1 complexes, as well as XngAng
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and XeF+Ang. The Xng commonly has three or four bridging fluorines
approaching its square base. In XngAng, three bridging fluorines
from two neighboring ASFE are arranged in a near three-fold symmetry about
the cation's pseudo four-fold axis at an average distance of 2.7 A.
This three-fold arrangement about the cation's four-fold axis is apparently
due to the steric repulsion of the non-bonding electron pair which forms
the sixth coordination site.of the pseudo octahedral Xng. This electron
pair lies along the four-fold axis, and the bridging fluorines crowd
around the lone pair. The steric effect of the lone pair always prevents
a single direct axial approach of a bridging fluorine to the Xng. In any
XeF; salt, one would expect a three or four-fold coordination of bridging
fluorines at the base of the XeF; ion.

Secondly, the angle formed at the bridging fluorine is generally found
to be about 130%20. In XeFyAsF:

576
the Xe-F-As angle is 134.8°.

the angles are found to be 110, 114,

and 158. In XeF+Ang,

Third, when one of the fluorines of XeF2 is a bridging ligand, the
canonical form F—Xe+—~F-—MFg makes a significant contribution. The
terminal Xe-F has a shortened bond, while the distance to the bridging

fluorine is lengthened. The breaking of the local center of symmetry

1

about the XeF2 splits the symmetric Raman peak at 496 cm ~ into a high

frequency Xe-F" stretch and a low frequency Xe--F stretch. These two

1

peaks are approximately equidistant from 500 cm ~. In the highly dis-

torted XeF+Ang, the short bond is 1.87 A and appears at 610 cm‘l.
bridging Xe—F distance is 2.18 A, and appears at 346 cm"l.

The
For salts

with Tess distorted XeF2 molecules, the bond distances would become more



192

similar and the peak splitting would decrease to zero near 500 cm“l. These
three factors - the number of bridging fluorines approaching the Xng,

the angle at the bridging fluorines, and the degree of distortion of the

XeF2 - are expected to be Significant structural features of XeFZ:XngAst

adducts.
The Raman spectra of the 1:2, 1:1, and 2:1 adducts are consistent with

these expectations based on their crystal structures. The 1:2 compound

1

shows only one stretch in the XeF2 region at 498 cm ~. This peak implies

a symmetrically bridged XeFZ, and the crystal structure has a center of
symmetry at this XeF2 which bridges two Xng ions (Figure 9-3). The

Xe(I1I)-F bond is slightly lengthened from that of XeF, (2.00 A). As

5 (
expected, each XeF; has three bridging fluorines arranged about the

50
The Raman spectrum of the 1:1 compound shows two XeF2 peaks at 555 and

433 cm'l.

four-fold axis. The other two fluorines come from two neighboring AsF

The crystal structure shows a single XeF2 sharing one of its
fluorines with the Xng (Figure 9-4). In this particular compound,
there are only two bridging fluorines around the base of the Xng. The
second %1uorine comés from an ASFE. This low coordination has been
observed in the tetramer portion of the cubic form of XeF6, which is
largely XngF-,6

From the Raman peaks at 550, 542, and 479 cm'1

, the 2:1 adduct shows
two distinct Xer. The crystal structure shows two distinct XeF, (Figure
9-5). The two different XeF2 have different XeF+ distances, which will
give the different high frequency vibrations. The third coordination site

beneath the Xng is occupied by a fluorine of an Ang.
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The Raman features of the 2:1M species show it to be similar to the
known 2:1, While the 2:1 shows two high frequency vibrations and only

one low frequency vibration for Xer, the 2:1M shows two low frequency

vibrations at 452 and 423 cm™t

555 cm.

and only one high frequency vibration at
One of the two XeF2 must interact more strongly with the

XeF;s and thus gives a spectrum (and presumably bond distances) similar
to the 1:1. The other XeF2 would be somewhat more symmetric, and would

look like those in the 2:1. For both XeF,, the Xe-—F+ bond length would

29
be expected to be very similar. Based on the melting point behaviors, it
may be that 2:1M is a high temperature phase of 2:1. Wechsberg had noted
that the 1:2 was dimorphic with a transition near 40°C. One might expect
the 2:1M to be similar in structural features to the 2:1.

1 in addition to the two

The 3:2 adduct shows a Raman peak at 509 cm~
unsymmetric XeF2 peak pairs. One would expect two different distorted
XeF2 and one symmetric XeF2 for a 3:2 composition. The triplet at 673,
667, and 662 indicate two distorted Ang and two distinct XeFZ which
are overlapping in that region. The proposed structure in Figure 9-6
satisfies these requirements, as well as maintaining three bridging
fluorines arranged about the pseudo-four-fold axis of the XeF;. The
structure maintains bent Xe(VI)-F-Xe(II) bonds, and maintains one bridging
fluorine from each Ange

The most unsettling aspect of assigning the 3:2 compound as a pure
compound is that the melting point appears to occur at a minimum, while
a pure compound would be expected to manifest a local maximum in melting

point. The widespread appearance of the 3:2 in all the melts between 1:1
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and 2:1 hints that the 3:2 has some thermodynamic stability relative to the
1:1 and 2:1. Presumably at Tow temperatures, the 3:2 is unstable relative
to 2:1 plus 1:1, but 3:2 is stable about ~35°C. This idea is appealing in
view of the cooling rate evidence, although it in itself does not explain
the minimum in the melting point. An incongruent melting of the 3:2 to 2:1
and 1:1 species in the melt would permit a minimum. The broad melting
range 40-49°C would support this incongruent melting proposal.

A second possibility is that the "1.5:1" spectrum is not a 3:2 species,
but a mixture of several other compounds. Several possible alternative
mixtures are conceivable. Because the equilibrium XeF2 + XeF6 : ?_XeF4
is near unity, one can propose alternative compositions with XeF4 or
Xng. However, XeF4 is not a sufficiently good fluoride donor to
form XeFZAng.7 This combination forming XngAng can be
discounted. Similarly, attempts to make the XeZF;Ang species can
be discounted due to the greater stability of the 1:1. From a similar
argument, one could propose the formation of an XeFZ:XeF4 adduct, along
with the formation of ASZFEI from the free ASFS. The Raman spectrum rules
out the presence of XeFZ:Xqu.8 Secondly, the low thermal stability of
Astil makes this proposal improbable. The fact that XeF+Ang
rearranges to XeZFgAng plus AsF5 9 (rather than XengAstIl)
shows that XeF2 is too good a fluoride donor to allow Asti1 to exist in
its presence. This factor would eliminate the coexistance of any loosely
comp lexed XeF2 such as in XeFZ:XeF4 with ASZFII‘ 2XeF2 would react

o + - + +
with M AsZF11 to make M AsF6 and Xe2F3AsF6 A one-to-one

mixture of XeFiASFg and Xe,FAsF;, which melted at 70°C, gave



195

a Raman consisting only of the original salts. Sladky also noted that
these two salts were formed in BrF5 solvent from XeF2 plus XeF6 plus
AsFSB7 Lastly, the formation of Xer plus XeZFgAng plus XeZF'{l Ang
is possible. However, the Raman spectra bears no resemblance to any
of these compounds,g’5 The improbable fluoride ion transfer from
Ang to Xng in the presence of XeFé eliminates the species XeF4,
Xng, XeZF;, or ASZFI1 from possible consideration. One is forced
to conclude that the 3:2 species is the only plausible alternative
composition.

The Raman spectra of the "3.04:1" and "4.,08:1" compounds show identical
3:1 spectra plus excess XeFZ. The peak assignments are fairly straight-
forward, although the true composition of this 3:1 species is not known.
Based on the admittedly crude estimate that the XeFZ(c) peak roughly doubles
in intensity relative to the 3:1 species in passing from "3.04:1" to
"4,08:1", one might speculate that the 3:1 species is really another 2:1
species. One interesting feature is the absence of any significant peak

1

splittings in the XeF2 region 550 to 430 cm ~. Only one broad peak at

1

513+10 am can be seen near the strong Xer(c) peak at 496 cm . This

strong peak obscures any possible peaks in the region 505-485 cm”l.

It is noteworthy that the 3:2 species had a similar peak at 509 cm*ls

which was assigned to a symmetrically bridging Xere However, it is
improbable that a structure with three symmetric Xer can be constructed.
Even if this species were another 2:1 (or 4:2), placing four bridging
XeF2 between two Xng along with two Ang is improbable. An alter-

native explanation is that the spectrum truly reflects a 3:1. Most



196

likely, a very weak unsymmetric XeF2 - XeF; interaction is present,

which does not split the XeF2 Raman peak drastically. The breadth of the
513 peak may reflect a small distribution of XeF2 peaks. With this weak
interaction, one could have three Xer bridging to the Xng. Whether the
Ang also bridges with one fluorine is debatable. With four bridging
fluorines, the XeF2 molecules would be further from the XeF;, and thus
there would be a weaker interaction. However, three coordination to the
XeF; is common in the Ang salts and adducts. Fﬁrther work must be

done to characterize this 3:1 species.
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Table 9-1. Raman Spectral Assignments of New Adducts.

Compositions (Intensity) Assignments
+ -
3:2 -~ 2:1 3:1 XeFg XeF, AsF ¢
718(10) 724(4) v3
705(10)
673(100)2 678(15) 679(50) v]
667 (100) 666(100)  661(100) vi
662(100) 651(15) vl vy
615(140) 607(75) 616(70) Vo
609 (140)
600(sh) 600(50) 598(15) V4
564(sh)  576(15) v
555(120) 555(100)  550(20,b) Xe-F
551 (sh) Xe-F
537(120) Xe-F
509(90,b) 515 (off Xe-F
scale)
496 (of f XeF2(c)
scale)
467(90) 452 (50) Xe-F
449(70) Xe-F
423(30) vg or Xe~F
395(15)
385(3) v4
374(3) 369(3,b) 372(15) v
300(10) 310(7)
293(10) 297(7,b)  295(7) v3
236(5) vg

(a) The 3:2 would have two distinct XeF

; ions and could thereby

show two distinct v at 673 and 662.
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Table 9-2. "M:1* Summary of XeFZ:XeF;Ang Composition Phase Study in Raman®

Mole ¢ -
Xef 35.8 50 54.5 57.4 60 65 65.5 66 78.2 7% 80.3
i 0.56 1.00 1.23 1.35 1,50 1.87 1.9 2.00b 2.89 3.04 4.08
Initial 1:2 1:2
Mixture + +
2:1  2:1
Mixtures 3:2 3:2  3:2  3:2 3:2 : {2:1) 2:1M 2:1M
STow Quench + + + + + +
1:1 1:1 1:1 Xef XeFp Xef
Mixtures 2:1 2:1  2:1 2:1 2:1M 2:1 3:1 3:1
LNy Quench + + + + + + +
1:2 1:1 3:2 1:1 11 1:1 Xefo Xefo XeF
FinalC
Melting 65 57-8 62 (58) 53 49 56 58 59 . (70) (80) 103
Point C
Initia?d 42 58 51 40-2 52 43 55 39 44
Melt C

(a) These mixtures are visible in one or more regions of the solid. The solid may not be a homogeneous
mixture. In some slow precipitations, one phase was primarily at the bottom while another was near
the top.

(b) A 2:1 was not prepared, but is put on the summary for completeness.

(c) Visually determining the point at which the final melt occurs can be difficult. The values in
parenthesis are approximate.

(d) The point of first melt is difficult to determine visually with any accuracy. At times there is a
subtle color change or darkening in a local region which has been noted. In all cases, there was a

substantial liquid/solid regime between the initial and final 'melting point.
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Local Structure of XeF2 3 XeF;AsFE
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Local Structure of 2XeF, XeF;Ang
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Figure 9-6

o+ -
AsF
Proposed local S¢ructure of BXeF2 3 2XeF5 sFg

F

F
XBL 807-5605A



206

ACKNOWLEDGEMENTS

To Neil Bartlett goes my most sincere thanks and admiration. His
insight, enthusiasm, and ability to simplify complex issues, was a
steady source of inspiration.

To Lionel Graham, Rich Biagioni, Fran Tanzella, Sam Yeh, Gene
McCarron and Tom Mallouk, thanks for the good times, sweat and song.
To Sandy Jennings and Lydia Frucine go my admiration for keeping the
office madness under some control.

Special acknowledgements go to Alan Robertson, John Kirby, and Mel
Klein for many fruitful labors, long nights, and discussions over
X-ray absorption. This work could not have been done without the
labors of untold machinists, librarians, and other fifth floor
inhabitants.

I must acknowledge the special support and friendship of my fellow
Dominicans associated with St. Albert's Priory and DSPT. Those
associations kept chemistry in a balanced perspective for me.

Lastly, my family has supported my education, my goals, and me.
A1l I can return to them is my thanks and love.

This work was supported by the U.S. Department of Energy under
Contract No. W-7405-ENG-48.



